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Abstract

This report presents the results of an interdisciplinary collaborative effort to develop an integrative model for
seagrass productivity in Laguna Madre. One of the magjor components of this integrative modd is the Laguna
Madre Seagrass Model (LM SM) which was designed to interface with other component models described in this
report, including carbon and nitrogen alocation, sediment diagenesis, and spectra irradiance and radiative
transfer. Linkage with hydrodynamic and sediment transport models provided a potentially valuable
management tool to assess the effects of maintenance dredging and resuspension of dredged material deposits

on seagrasses of Laguna Madre.

The development of the models described in this report required a substantia input of data for model caibration
and when possible, verification. For the seagrass models, much of this data were available from previousy
published studies (e.g., Halodule wrightii), but intensive field work, from April 1996 to December 1997,
provided the additional data needed to devel op the models presented in this report. We present the results of
these field investigations, which were conducted at 24 transect-survey sites (12 stations paired by seagrasses and
bare bottom) and six permanent stations to fill gapsin our knowledge of seagrass biology, variations in water
column and sediment geochemistry, underwater irradiance, and the inherent optical properties of Laguna waters.

Studies on seagrass hiology included delineation of the photosynthesis vs. irradiance (P vs. 1) relationships for
Syringodium filiforme, which were used in developing the LM SM for this species (P vs. | relationships have
been previously published for Halodule wrightii and Thalassia testudinum). In addition, density and above- and
below- ground biomass of the three grass species were collected over variable temporal and spatial scalesat 12
transect sites and three permanent stations in Laguna Madre. Continuous measurements of photosynthetically
active radiation (PAR) were also collected at the permanent sampling stations. Indices of carbon and nitrogen
content were measured in leaves and bel ow-ground tissues to provide data for the LMSM and alocation models

for Thalassia.

Thousands of samples were analyzed in our efforts to better understand the complex geochemical relationships
occurring within Laguna seagrass beds. We collected samples at 24 transect sites; in addition, sediment
chemistry was examined in detail from vertical profiles conducted at four additional stations. Results
demonstrated that most sediments in Laguna Madre are sandy with aréeatively narrow range in their physical
and geochemical characteristics and that the diagenetic activity takes place in the upper few centimeters of

sediment (in contrast to most estuarine siliciclastic muds). Thiswork also demonstrated that the flux of



ammonium from resuspended sediments (as occurs during dredging) can be substantial, thereby providing a
large pulse of inorganic nitrogen that can fuel phytoplankton blooms. This finding is important, since
measurements of water inorganic nitrogen levels are generally low (<3 puM) throughout the Laguna. Such low
concentrations probably play an important role in regulating phytoplankton production, as reflected in water
column chlorophyll leveks that are <10 pug L™ in the Lower Laguna.

Knowledge of the inherent optical properties (I0Ps) of Laguna Madre watersis critical in developing aradiative
transfer model to link with the LMSM. Strong rel ationships were observed between |OPs and total suspended
solids (TSS). TSSislikely to contribute most to water column light attenuation during dredging events, which
can result in significant reductions in both light quality and quantity. Declines in light-driven photosynthetic
oxygen evolution can have serious effects on seagrass health. Sediment geochemical model simulations
suggested that root zone fluxes of O, (produced during photosynthesis) were essential to maintaining non-toxic
levels of sulfide. In addition, model results indicate that seagrass beds overlain with even modest (cm) amounts
of dredged material can experience rapid increases in sulfide concentrations that can be sustained at toxic
concentrations for several months.

The LMSM was developed for Halodule, Syringodium, and Thalassia. Of the three models, the LM SM was
able to reproduce many features of a continuous nine-year data set for Halodule, mainly because the Halodule
set contained a prolonged period of light stress (brown tide event) interspersed between two periods of favorable
light climates. Simulations using worst-case light attenuation profiles show that the seagrasses are able to
withstand short periods (one to two weeks) of very high water column light attenuation. However, under
prolonged periods of low PAR (ca. 100 days or more) of even moderate levels of water column attenuation,

model predictions indicate potentially dangerous decreases in plant biomass.

Our efforts have produced an integrative and quantitative model that predicts the response of seagrassesto
changes in their environment, particularly with respect to changes in light availability, based on extensive
interdisciplinary field observations and experimental studies conducted over the past two years. Model
smulationsand in Situ measurements of an actual dredging event strongly suggest that dredging operations are
very likely to have a measurable negative impact on the health when (1) dredging activities occur over extended
periods (weeks) when the plants are metabolically most active (spring through autumn), and (2) the dredging
activity and/or disposal of materials occurs within 1 km of the grass bed.



The results of the LMSM depend, as does any model, upon a variety of inputs (in particular TSS) and
assumptions that are used in the interpretation of simulation results. For example, the seagrass model was run at
sites that were not immediately adjacent to disposal areas. This was done to simulate the impact of disposal on
the Lagunaas awhole. The Seagrass Model addresses a representative area and can be applied at any location
along the length of the Laguna. Similarly, the hydrodynamic and sediment transport models cover the whole
length of Upper and Lower Laguna Madre. Given such awide spatial coverage in al three models, there will
aways be regions where differences occur between model output and observed data. The power of these
models lies in providing information on long-term trends and large-scale spatial patterns. Consequently, when
one evaluates the output from these models, consideration does need to be given to anecdotal observations that
disagree with the model results. However, it is very difficult to gauge the importance of such observations
without hard numerical data

We diress that the output from our models needs to be interpreted in the context of long-term trends and large-
scale gpatia patterns. We are confident that the LMSM performs well in this respect. In addition, our
conclusions on dredging impacts to seagrasses include results of additional model simulations based on data
collected during actua dredging events (e.g., model verification study at PA 235) and in Stu observations of
seagrass response to chronic reductions in underwater light regimes. We recognize that environmental, political,
and economical factors are likely to play key roles in the management decisions regarding Seagrass resources in
Laguna Madre. Therefore, we recommend efforts be undertaken, however modest, to collect accurate
measurements of environmental variables (e.g., TSS, light attenuation) to directly verify model predictions at

test sites where dredge activities and seagrass response can be directly measured and observed.
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PART ONE

Preface

The Laguna Madre of Texas is only one of three hypersaline lagoons in the world. Seagrasses inhabit
huge areas of the Laguna and provide a winter food resource for more than 75% of the world’s
population of redhead ducks. Because of the fundamental role that seagrasses play in the ecology of
coastal ecosystems, activities that potentially threaten the productivity of the system have long been a
cause for concern.

The Gulf Intracoastal Waterway (GIWW) isa 117-mile long, 12-foot deep by 125-foot wide
navigation channel that bisects the entire length of the Laguna. The GIWW is maintained by the U.S.
Army Corps of Engineers (USACE) by dredging activities based on an environmental impact
statement (EIS) that was completed in October 1975. During the 1980s, the adequacy of the EIS was
guestioned by several State and Federal resource agencies and in 1993, the U.S. Army Corps of
Engineers undertook the task of completing a series of Section 216 studies to address the problems and
concerns along the GIWW. The National Audubon Society and others filed a lawsuit in 1994 to halt
unconfined, openbay disposal of dredged material in Laguna Madre before the 216 studies were
completed. Asaresult of the suit, the Corps agreed to develop along-term dredged material
management plan (DMMP) for this section of the GIWW and to prepare a supplemental environmental
impact statement (SEIS).

An Interagency Coordination Team (ICT) composed of the Corps, the National Marine Fisheries
Service, U.S. Fish and Wildlife Service, U.S. Environmental Protection Agency, Texas Parks and
Wildlife Department, Texas General Land Office, Texas Water Development Board, Texas
Department of Transportation, and the Texas Natural Resource Conservation Commission (now the
Texas Commission on Environmental Quality) was formed in February 1995 to help the USACE to
develop the DMMP and SEIS. The U.S. Coast Guard, Padre Island National Seashore, and Coastal
Bend Bays and Estuaries Program were invited to send members during subsequent meetings to
provide information and advice to the ICT.

This report reflects the completion of one of about 35 studies that have been sponsored by the ICT and
funded by the USACE to provide the latest scientific information on the impacts and benefits of the
GIWW. In 1996, the USACE provided Texas A&M University, the University of Texas Marine
Science Institute, and Texas Parks and Wildlife Department funds to conduct a study with the
following objectives:
1) To collect additional field measurements to fill gapsin our knowledge related to the biology of
seagrasses and their geochemical and physical environment, and

2) To develop an integrative model for seagrass productivity in Laguna Madre that could be used
as a management tool to assess the effects of maintenance dredging.



In addition to this report, a number of peer-reviewed publications have resulted from this research (see
below) and are available to the public.

PUBLICATIONS RESULTING FROM RESEARCH SUPPORTED UNDER THISUSACE
SPONSORED PROGRAM

Burd, A.B. and K.H. Dunton. 2000. Field verification of alight-driven model of biomass changesin
the seagrass Halodule wrightii. Marine Ecology Progress Series 209:85-98.

Eldridge, P.M. and JW. Morse. 2000. A diagenetic model for sediment-seagrass interactions. Marine
Chemistry 70:89-103.

Lee, K-S. and K.H. Dunton. 1999a. Inorganic nitrogen acquisition in the seagrass Thalassia
testudinum: development of awhole-plant nitrogen budget. Limnology and Oceanography
44(5):1204-1215.

Lee, K-S. and K.H. Dunton. 1999b. Influence of sediment nitrogen availability on carbon and
nitrogen dynamics in the seagrass Thalassia testudinum. Marine Biology 134:217-226.

Lee, K-S. and K.H. Dunton. 2000a. Diurnal changesin pore water sulfide concentrations in the
seagrass Thalassia testudinum beds: the effects of seagrasses on sulfide dynamics. Journal of
Experimental Marine Biology and Ecology 255:201-214.

Lee, K-S. and K.H. Dunton. 2000b. Effects of nitrogen enrichment on biomass allocation, growth,
and leaf morphology of the seagrass Thalassia testudinum. Marine Ecology Progress Series
196:39-48.

Major, K.M. and K.H. Dunton. 2000. Photosynthetic performance in Syringodium filiforme: seasona
variation in light- harvesting characteristics. Aquatic Botany 68:249-264.

Major, K.M. and K.H. Dunton. 2002. Variationsin light- harvesting characteristics of the seagrass,
Thalassia testudinum: evidence for photoacclimation. Journal of Experimental Marine Biology
and Ecology 275:173-189.

Morin, J. and JW. Morse. 1998. Ammonium release from resuspended sediments in the Laguna
Madre estuary. Marine Chemistry 65:97-110.
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PART TWO

Field Measurements
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LAGUNA SEAGRASSBEDS

Thisfinal report presents the results of an
integrative study to develop quantitative
models to eval uate the growth response of
seagrasses, as reflected by changesin their
biomass, to changes in underwater light
availability. Our studies were almost
exclusively directed toward the seagrass beds
of the Texas Laguna Madre ecosystem, which
extends from the southern edge of Corpus
Christi Bay to the Brazos Santiago Pass on
southern tip of South Padre Island (Fig. 1).

The research program we implemented to
devel op these models was divided into two
phases. The first phase focused on the
collection of in situ field measurements to fill
gaps in our knowledge related to the biology
of the plants and their geochemical and
physical environment. This phaseinvolved an
intensive field effort that included sampling at
12 survey sites and at Six permanent sites over
an 18-month period starting in April 1996.

Figure 1. The LagunaMadre of Texas. Samples and data were collected at a variety of sites over

periods ranging from one to nine years.
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Figure 2. Diagram of four common seagrasses present in Texas estuaries (from left: Syringodium
filiforme, Thalassia testudinum, Halodule wrightii, and Ruppia maritima).

We studied three species (Fig. 2) that occur in high frequency in the upper and Lower Laguna Madre,
Thalassia testudinum (turtle grass), Halodule wrightii (shoal grass), and Syringodium filiforme
(manatee grass). There were distinct seasonal variations in both density and above- and below ground
biomass that reflected changes in both day length and water temperature. Ratios of below-ground to
above- ground biomass were highest in winter (3-8) and lowest in summer (2-6). Thalassia exhibited
the highest biomass (over 900 gdw mi?), but highest shoot density was characteristic of Halodule (over
8,000 m?), with Syringodium intermediate between the two species. Carbon content in Thalassia |eaf
and rhizome tissues averaged 36% and the nitrogen content of leaf tissues (1.7-2.7%) was higher than
that of rhizomes (<1%).

Continuous measurements of photosynthetically active radiation (PAR), the diffuse light attenuation
coefficient (k), and water column chemical parameters were also taken at several stations in Laguna
Madre over an 18- month period starting in April 1996. We found average water transparency highest
a station LLM 2 (k = 0.7 m!), whichwas surrounded by dense seagrass beds, and lowest at LLM 1 (k

12



=24 m%), an unvegetated site. The decline in the brown tide algal bloom in the Upper Laguna led to
significant increases in water clarity. At ULM 3, k values dropped from over 7.0 mit in January 1997
to less than 2 mi* by June 1997. Water column chlorophyll levels were generally <10 ug L' in Lower
Laguna, and declined in Upper Laguna from 20-70 ug L™ to <10 pg L™ following the decline in the
brown tide. Nitrite and ammonium levels were generally less than 3 uM and salinity ranged from 30-
45 %o at al sites.

SEDIMENT GEOCHEMISRY

Based on analytical analyses of large numbers of samples, most (80%) Laguna sediments possess the
following characteristics. <50 wt. % silt and clay fraction (<63 um); <1 wt. % organic-C; <8 umol/g
total reactive sulfides (TRS); <500 UM NHy", <12 pM PO;, <4000 uM DOC (dissolved organic
carbon); and <200 uM H,S (the value above which sulfides can negatively influence seagrasses). A
much lower percentage of samples have values outside these ranges for the various parameters: About
69% of the high DOC values are in grass beds, none of which are Thalassia beds, whereas all but one
of the high H,S values are in bare areas. A possible interpretation is that the influence of the
seagrasses is to elevate DOC, possibly as exudates, and H,S is oxidized to sulfate by the pumping of
oxygen into the sediment by the plants (Fig. 3).

It is important to note that sediments in seagrass beds and bare areas contrast sharply withthose found
in dredged channels. Average values from samples collected from six sites in the GIWW, threein
Lower and three in Upper Laguna Madre, were 82% <63 um grain size fraction, 1.9 wt. % organic-C
and 2957 UM NH;". They are much finer grained and contain roughly double the organic-C and six
times the NH,;" compared to the upper limits for sediments outside the GIWW. These magjor
compositional differences suggest that dredged channel sediments may be poor substrates for rapid
establishment of healthy grass beds. However, an observation that an old dredged materia deposit
had, with the exception of grain size, largely evolved into a geochemical composition similar to most
other Laguna Madre sediments demonstrates that significant geochemical transformation of these areas

does occur with time.
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Figure 3. Oxygen produced in photosynthesis and transported into seagrass root and rhizome tissues
plays an important role in the maintenance of aerobic conditions in the rhizosphere. Under low light
conditions, less oxygen is available for below-ground tissue respiration, resulting in the buildup of
sulfides and ammonium, which are toxic at high concentrations.

NUTRIENT RELEASE BY SUSPENDED SEDIMENTS

Resuspension of sediments by dredging, large ship traffic, and storms represents a potentially
important local source of nutrients for Laguna Madre waters. Closed system NH;" release
experiments, conducted on sediments collected from potential dredge sites in the Laguna GIWW,
revealed significant releases of pore water NH,;*. In addition, a“fast release” fraction increased
resuspension concentrations significantly. Fast release refersto NH;" loosely bound to particles and
quickly (within 5 min. of resuspension) desorbed during relocation of sediments. Using these data
(specifically results from Marker 41 LLM), we performed calculations on the potential release of NH;"
during previous dredging events in the Laguna (e.g., Port Mansfield, 1989). Essentially the volume of
material was converted using pore water NH,* concentrations and the fast release attached fraction (per
gram) to arrive at a quantity that could potentially enter the region due to sediment rel ocation.

Our results revealed arelease of inorganic-N in excess of 46 metric tons over atime period of two
months in this small area. For comparison, monthly flux calculations from surficial sedimentsin the

entire Lower Laguna Madre basin are about 80 metric tons.
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SEAGRASS RESPONSE TO A DREDGING EVENT

Changes in the distribution and population characteristics of the seagrass Thal assia testudinum were
assessed in Lower Laguna Madre following a dredging event in September 1998 (Fig. 4). Underwater
photosynthetically active radiation (PAR), shoot density, biomass and blade chlorophyll content were
monitored before and after the dredging event at a station (PA235) located near the disposal site and at

an adjacent but unaffected control site (LLM 2).

Dredging of the GIWW and placement of dredged materials in Placement Area 235 (PA235) began in
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early September 1998. Two of
the sampling sites at the
placement area (PA235a & b)
were buried by dredge materials
and all plant shoots disappeared
within two months after dredging;
two remaining sites (PA235¢c &
d), located within 200 m of the
buried sites (about 0.5 km distant
from PA235) were exposed to
heavy siltation but not buried.
Underwater irradiance at the
PA235 sites was reduced
significantly compared to the
control site during and following
dredging activity. Thisincreased
light attenuation was sustained for
over nine months (Fig. 5). Water
column chlorophyll and NH,*
concentrations increased

significantly after dredging.

Figure4. The Lower LagunaMadre. The location of dredge disposal placement area PA235 is
indicated by sites COE (A-D). Dredging started in early September 1998 and ended three weeks later.
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Increases in water column NH;* concentrations at the PA235 sites were coincident with increasesin

water column chlorophyll concentrations, suggesting high re-mineralized nitrogen flux from the
sediment, which had NH, " values exceeding 500 uM after dredging. Shoot density and biomass
declined significantly (Fig. 6), and leaf production rates decreased to a third of that recorded at the

control site after dredging. Dredging activity was del eterious to seagrass growth and survival as a

result of direct burial and increased light attenuation caused by sediment suspension. Burial was

severe but more localized in comparison to increased light attenuation, which affected adjacent

seagrass beds for a period of at least nine months following the cessation of material disposal. This

increased attenuation can be attributed to continuous resuspension of dredged materials by wind-

generated waves. Both below- and above-ground biomass declined appreciably within the first
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Figure 5. Variation in light attenuation at LLM 2 (Fix 2) and at two sites located about 0.5 km from
dredge disposal placement area PA235. Higher variability in light attenuation at PA235c&d continued

to occur nine months following the cessation of disposal in late September 1998.
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Figure 6. Above- and belowground biomass at the control site (LLM 2/Fix 2) in comparison to

PA 235 sites adjacent to the deposition of dredged materials, before and after disposal began.

Seagrasses at sites 235a& b were completely buried, whereas seagrasses at sites 235c& d were subject
to high water turbidity from wind-driven resuspension events.
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six months following disposal at PA235. Nine months later, in June 1999, leaf and shoot tissue
biomass had begun to recover, but root and rhizome tissues were still in decline, presumably in
response to the transfer of carbon to support the recovery of above-ground tissues. These observations
support the importance of whole plant models to predict changes in seagrass biomass and the
significance of resuspension events on water column transparency for extended periods following
disposal of dredged materials.

18



PART THREE

Model Conclusions

MODEL DEVELOPMENT

The second phase of our research was largely focused on data synthesis and model development. Data
collected in the first phase were used in conjunction with previously published information to refine
the models and ultimately, test them. The second phase included afield verification of the Thalassia
testudinum model based on plant response to an actual dredging event.

INVERSE MODELING

The inverse modeling method is a powerful tool for understanding complex physiological relationships
between seagrasses and their environment. The power of the method results from using ranges of data
within a system of constraints to describe the biological system, in this case the flow of carbon and
nitrogen through Thalassia testudinum (turtle grass). Carbon flow represents energy flow while
nitrogen flow is a surrogate for the nutritional state of the plant. We used field measurements and
literature values of production, growth and turnover rates, etc. to develop the data and constraint
systems. The model uses an optimization routine to calculate a complete set of physiologica flows
within the plant based on measured rate processes. This optimization routine is a“least-squares
analysis’ which solves for the shortest flow network that is consistent with al constraints. The result
is a partitioning of material fluxes (i.e., carbon and nitrogen) that satisfies the rates of production,
growth and turnover of the different compartments as delineated by empirical measurements. Model
results indicate that assimilated carbon was equally partitioned between leaves and below-ground
tissues and that the flow was unidirectional during the summer months (Fig. 1). Losses to dissolved
organic carbon (DOC) from the root/rhizome module were substantial and may contribute to the high
DOC concentrations measured in the sediments. Nitrogen assimilation occurred in the below-ground

module and model results indicate that internal recycling, particularly from the leaves, isimportant.
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Figure 1. Thalassia carbon flow diagram. Arrows indicate direction and numbers (in bold) show the
amount of the flow (mmol C m? d'?) to other seagrass components, such as respiration (COy),
excretion (DOC), detritus (Det), and growth (Grw) based on a net carbon input from gross primary
production (Cgp) of 298 mmol C m? d'2.

L osses of dissolved organic nitrogen (DON) were minimal, indicating that Thalassia uses nitrogen

efficiently.

We ran atracer analysis to determine the exchangeable pool size within each seagrass module (leaves,
short shoot, root/rhizome) and accumulation within biogeochemical pools. Thus, using measured
growth rates we were able to model the flow of carbon and nitrogen through the plant and the

environment. Tracer analysis suggests that seagrasses are an important contributor to the sediment
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pore water DOC pool. Modeled flux rates were subsequently used to parameterize the Thalassia

production model and the sediment-root/rhizome interactions in all of the production models.

SEDIMENT GEOCHEMICAL MODELS

Until recently, sediment geochemical models (diagenetic models) have been only ableto explain
sedimentary flux and concentration profiles for afew simplified geochemical cycles (e.g., nitrogen,
carbon and sulfur). However, with advances in numerical methods, increased accuracy and precision
of chemical analyses, and a greater understanding of sedimentary processes, a new generation of
models have been developed that incorporate most of the important sedimentary geochemical cycles
simultaneously. We borrowed heavily from these models to develop a geochemical model that
describes sedimentary processes in seagrass beds. The seagrass geochemical model is unique in that it
includes a simulation of the seagrass rhizosphere (sediments geochemical zone influenced by seagrass
roots and rhizomes). The rhizosphere simulation is important since seagrasses pump O, from their root
system into the sediments to reduce the concentration of toxic sulfides. The O, is routed through a
transport structure (Ilacunae) from the shoots, where it is produced by photosynthesis, to the roots and
rhizomes where it diffuses into the sediments. The model is optimized to operate in the rapidly
fluctuating environments found in lagoons and bays of Texas. The calibration data set was devel oped
for sediments of Syringodium filiforme, Thalassia testudinum, and Halodule wrightii seagrass beds.
The associated model was validated with a separate data set collected during a dredge event in Lower
Laguna Madre. The results of that ssmulation verified the accuracy of the model under conditions

found over an annual cycle.

The goal of the diagenetic model development was to provide an accurate geochemical model that
could be coupled to the seagrass productivity model. The results of the calibration phase of this study
showed an interesting interaction between the seagrass and its sedimentary environment. The relative
depth of the rhizosphere and the depth of maximum sediment metabolism largely determined the
sulfide concentration in the rhizosphere. In our Syringodium simulation, maximum metabolism and
the rhizosphere depth were the same. To protect the root and rhizome structures from sulfides, the
seagrass had to allocate most of its O, production to the root zone. Sediment metabolism was maximal

in the surficial sediments in the Thalassia and Halodule ssmulations, and as a result they required less
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than half of their O, production to maintain low sulfide concentrations in the rhizosphere. However, in
each case, the seagrasses were able to keep sulfide concentrations low in the absence of measurable O,

concentrations.

LIGHT MODELS

The preponderance of evidence suggests that light availability is one of the main factors influencing
the health of seagrassesin Laguna Madre. Thus, predicting the light field over the seagrass canopy
under different environmental corditions was a key issue in this study. Because phytoplankton and
other suspended materials influence light attenuation, we also examined spatial and temporal dynamics
of phytopigments (a biomarker for plankton) and nutrients. Pigment data indicated that Texas brown
tide organism, Aureoumbra lagunensis, was the dominant phytoplankter, particularly in Upper Laguna
Madre. In Lower Laguna Madre, brown tide was a seasonal component of the phytoplankton
community, present only during the winter. Nutrient data suggested that Baffin Bay and Arroyo
Colorado were sources of nitrogen to Laguna Madre and that water column production was probably

nitrogen limited.

Previous work (Brown and Kraus 1997) identified a strong relationship between light attenuation and
total suspended solids (TSS) in the water column. Because Brown and Kraus' observations were
determined in aregion of Laguna Madre where TSS is substantialy higher than other regions of the
estuary, we undertook a study of inherent optical properties (I10Ps) throughout Laguna Madre waters
including regions influenced by dredging activities. Strong relationships were observed between |OPs
and TSS, suggesting that TSS was the main factor controlling light attenuation in the area studied
under the environmental conditions occurring at these sites (Fig. 2). Based on these strong
relationships, we used the radiative transfer numerical model, Hydrolight, to compute spectral
irradiance in the water. The spectra irradiance model was then used to illustrate how different
suspended materials, specifically phytoplankton and inorganic solids, influence the spectral quality of
the underwater light field. The light field computed over the seagrass canopy and employed by the

seagrass model incorporates recent developmerts in light dynamics in shallow waters.
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Figure 2. The absorption coefficient, a, vs. TSS at 440 nm in relatively clear waters. Note that the
absorption coefficient does not tend towards zero as TSS approaches zero due to the presence of
colored dissolved organic matter (CDOM) in the water.

THE INTEGRATED SEAGRASS MODEL
We made a concerted effort to produce detailed component models for carbon flow, below- ground

geochemistry, and underwater light regimes for the integrated seagrass model. However, the lack of

sufficient long-term data sets of plant biomass in relation to continuous measurements of underwater
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irradiance, combined with our limited understanding of source-sink relations in seagrasses, remained
difficult problems. A predictive model was developed and verified for Halodule wrightii, largely using
data collected previous to this study. However, we could not generate a predictive model that
explicitly incorporated below-ground biomass for Thalassia testudinum, athough we were able to
verify the accuracy of model estimates of above-ground biomass using measurements collected during
the field verification. It was also not possible to generate a constituent model for Syringodium

filiforme from the biomass and irradiance data available for this plant.

The model was formulated to have both above- and bel ow-ground components and to be applicable to
the three dominant seagrass species in the Laguna, Thalassia testudinum, Halodule wrightii and
Syringodium filiforme. The model is driven by incidert light and incorporates transport from above- to
below-ground tissue. A comprehensive sediment diagenesis model is coupled to the seagrass biomass

model that allows the incorporation of important sediment toxicity effects (Fig. 3).

Model parameters were estimated by comparing model output with observations. For Thalassia
testudinum the heterogeneity of the belowground material prevented estimation of the belowground
parameters. For this plant, the below- ground compartment was modeled implicitly. Parameter
estimation for the Syringodium filiforme model was unsuccessful. The reasons for this remain unclear.

A nearly 10-year long-term database for Halodule wrightii, derived from an ongoing study in Upper
Laguna Madre, proved to be extremely valuable in developing a highly predictive model. Aswith all
biological models, prediction of exact values of biomass under different conditions isimpractical. The
Laguna Madre Seagrass Model accurately predicts trends in biomass when the plants are exposed to

different environmental conditions.

The Halodule wrightii model was calibrated using one year of a nine-year data set. Model validation
was done using the remaining eight years. This data set included a prolonged period of light limitation
caused by the brown tide algal bloom as well as the recovery from this bloom in 1996 and 1997. The

model accurately reproduced observed trends in both above- and bel ow- ground biomass.
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Figure 3. The components of the seagrass model incorporate both the above- and bel ow-ground
portions of plant biomass and the changes in sediment geochemistry that occur in relation to
underwater light fields.

The Thalassia testudinum model was calibrated using one year of a two- year data set collected in
Lower Laguna Madre and validated with the remaining year. The short duration of this data set was
insufficient to provide a good test or calibration of the model, particularly since the plants did not show

evidence of stress. However, the model successfully reproduced trends in above-ground biomass.

MODEL SIMULATION OF A DREDGING EVENT

Dredging activities in Lower Laguna Madre provided an opportunity to test the Thalassia model under
field conditions. In September1998, at the recommendation of the ICT, 503,600 cubic yards of
dredged material was placed at PA235. This should be compared with an average of 43,053 cubic
yards placed at this site every 9.25 years between 1950 and 1999 (T. Roberts, pers. comm.). Both
control sites and impact sites were chosen. We have considerable confidence in the model’ s ability to
predict the long-term response of both above- and bel ow-ground biomass for Halodule. For Thalassia,

the model also works well but only predicts above-ground biomass.
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Seagrasses at the site PA235a& b (approximately 500 m from PA235) were buried by dredged material.
The model was originally formulated to examine the effects of chronic levels of stress (such as
prolonged levels of light limitation or increased sediment sulfide concentrations) and not sudden
impacts such as burial. Consequently, the model was modified to deal with this situation and was able

to reproduce the rate at which plant biomass disappeared.

Detailed sediment chemistry profiles were also available for site PA235c& d (approximately 700 m
from PA235) so the full seagrass-sediment chemistry model was tested at this site. A time series of
underwater irradiance was constructed using data from all four PA235 sites with gaps in the final
record filled using a combination of interpolated values and modeled surface irradiance. The model
reproduced the decline in biomass during the winter of 1998 but was unable to capture the start of the
recovery in the spring of 1999.

Field data collected at site PA235c& d during and following the September 1998 dredging event were

used to develop two three-year simulations which included deposition of dredge material on the
seagrass bed (as was seen at PA235¢c& d).
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The first ssimulation was defined with disposal of dredged material occurring only in the first year (Fig.
4). Model results one year into the simulation were in general agreement with measurements collected
at site PA235 ayear following the initial dredging event. Above-ground biomass predicted by the
model was less than observed in situ but this might be related to our inability to incorporate below-
ground biomass in the Thalassia model. Consequently, model results could be considered
conservative estimates of seagrass response. In this case, the model predicted that water column and
sediment conditions would be favorable for seagrasses to colonize the area after 2-3 years. Thisis
reflected by the modeled biomass approaching 50% of its pre-dredging value at the end of a three-year
simulation. The model aso predicted a significant decline in sediment sulfide and ammonium
concentrations to near pre-dredge values, which was consistent with in situ measurements collected
during the first year following the dredging event.
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In the second three-year ssimulation, disposal occurred in both the first and third year. In this model,
seagrasses do not survive (Fig. 5). Thisis partly because root zone sulfide and ammonium
concentrations are not given sufficient time to return to pre-dredging val ues before the second disposal
event. This leads to even greater sulfide and ammonium concentrations which, combined with the
reduced irradiance from increased TSS, kills the plants.

The results of these simulations indicate that seagrasses in close proximity (i.e., less than about 1 km)
to alarge disposal arearequire a period greater than three years between dredging activities in order to
recover. Several caveats surround this conclusion. First, without detailed hydrodynamic and sediment
trangport information, erosion and resuspension of disposal material is impossible to incorporate in the
model. Thislack of datawas partly overcome in this case by using in situ underwater irradiance field

data, which incorporated the effects of resuspended material on the total irradiance reaching the plant
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Figure5. Underwater irradiance, above-ground biomass, root-zone sulfide and ammonium
concentrations for a three-year simulation with dredging occurring in the first and third years. Model
simulations include root zone depths at 5 cm (red), 7 cm (green), and 9 cm (blue). Model conditions
for Thalassia testudinum are based on an initial biomass of 100- to 150-gdw mi*, which falls within the
range of measured biomass in Laguna Madre.
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canopy. However, thisin turn makes these conclusions site specific and caution needs to be taken in
applying these results to the Laguna as a whole, where the model results given in the chapter Final
Model Resultsare more appropriate. In addition, the amount of material that was placed at PA235 was

significantly greater than usual.

MODEL CONCLUSIONS

The results of our production runs of the Laguna Madre Seagrass Model combine output from the
W.E.S. Hydrodynamic and Sediment Transport models to provide suitable forcing conditions for the
Seagrass Biomass and Diagenesis Model. The W.E.S. model was designed to address a “worst case
scenario” as defined by the members of the I.C.T. Placement occurred in the model on 1 April 1995 at
six sites (three in Upper Laguna Madre and three in Lower Laguna Madre) with atotal of 1.5848 ~ 10°
dry-kg of material being placed over a period of 24 hours. Sites for the seagrass model were located
1.2 to 7.1 km from the nearest placement area in the W.E.S. model. The results of the W.E.S. models
and the Seagrass Model predict that at the sites simulated, seagrasses survive the impacts of disposal of
dredged material with seagrass beds closer to actual disposal sites being impacted to a greater extent
than those further away. In interpreting the results from this model one needs to note that materia is
usually deposited over a period of approximately 1 week, and not in 24 hours. In addition, the total
amount of material deposited in the model was approximately 50% greater than the average annual

dredging in Laguna Madre and thus the simulation modeled an extreme case.

Modeled concentrations of TSS tend to be elevated during the spring and the fall, with lower values
during the summer growth period. The time series of modeled underwater irradiance reflects the
changesin the TSS concentration; low light levels occur during the spring and fall months and increase
during the summer. Long-term trends in modeled TSS at the sites considered in the Laguna Madre
Seagrass Model show little difference between dredging and nontdredging scenarios. Thisis partly
due to the fact that sites for the seagrass model were chosen to examine large-scale, Laguna-wide
impacts of disposal. Simulations based on data collected at PA235 were performed to examine the
impact on seagrasses in close proximity (less than 1 km) to a disposal site, but in this case the amount
of dredged material placed at PA235 was substantially larger than usual.
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Biomass at the Halodule wrightii model sites tends to increase and values at the end of the smulation
are higher than those observed in Laguna Madre. The model predicts above-ground biomass values for
Thalassia testudinum that generally lie between 100 and 150 gdw mi®; these fall within the range of

measured biomass in Laguna Madre.

Root-zone HS concentrations are low except at a few sites in Upper Laguna Madre. Typical values
predicted by the model are between 5 and 10 uM, though in the Upper Laguna concentrations can
reach as high as 400 uM. For NH,", the model predicts root-zone concentrations between 100 and 350
UM, which are within the range of measured values. Both the HS and NH;" concentrations predicted
by the model are not sufficient to significantly affect the growth and production of the plants indicating
that under the conditions of the production model, available irradiance is the dominant factor affecting

seagrass growth and production.

The model assumes that the only factors contributing to attenuation of light in the water column are the
water itself and TSS. We have not accounted for the effects of other factors such as algal mats and
phytoplankton blooms. The model also does not account for the burial of seagrasses by sediment,
though deposition and incorporation of dredge material into the sediment are included in the model.

The results of the model, and the caveats underpinning it, strongly suggest that efforts should be made
to monitor seagrass health and water quality at periodic intervals (e.g., instantaneous measurements of
light attenuation, TSS, various plant parameters) at selected locations in Laguna Madre. Specific
guidelines for long-term monitoring, including the criteria and indicators most appropriate for seagrass
health, are currently being developed under EPA’s R-EMAP program for Texas estuaries. The results
of such an effort, together with the data collected in this study, would provide an invaluable
opportunity to examine long-term (decadal) changes in seagrass populations that are coincident with

dredging activities.
If open-bay disposal is to continue, we recommend that a buffer zone or barrier be utilized between the

placement area and nearest seagrass beds to limit the impacts of elevated TSS levels on adjacent plant

populations. Model smulations and in situ measurements of an actual dredging event demonstrated
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that plants located within 500 m of PA235 were completely buried and plants 700 m distant were
measurably affected by chronic low levels of light up to nine months following disposal. In addition,
dredging and disposal activities at open-water, unconfined sites should be limited to the period
between November 1 and February 28 each year to ameliorate TSS impacts on growth. This period is
characterized by low (< 20° C) water temperatures and a general dormancy in seagrass metabolism,
including photosynthesis and growth Dredging activities during this period are likely to impact
seagrass populations least, although resuspension of sediments during the peak growth period in spring
could result in significant drops in water column transparency and seagrass productivity. However, the
relative importance of such resuspension eventsis likely to be site specific based on the proximity of
adjacent seagrass populations. Again, such concerns should be addressed through strategic monitoring

of critical parameters as described above.
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Abstract

This report presents the results of an interdisciplinary collaborative effort to develop an integrative model for
seagrass productivity in Laguna Madre. One of the major components of this integrative model is the Laguna
Madre Seagrass Model (LMSM) which was designed to interface with other component models described in this
report, including carbon and nitrogen allocation, sediment diagenesis, and spectral irradiance and radiative
transfer. Linkage with hydrodynamic and sediment transport models provided a potentially valuable
management tool to assess the effects of maintenance dredging and resuspension of dredged material deposits

on seagrasses of Laguna Madre.

The development of the models described in this report required a substantial input of data for model calibration
and when possible, verification. For the seagrass models, much of this data were available from previously
published studies (e.g., Halodule wrightii), but intensive field work, from April 1996 to December 1997,
provided the additional data needed to develop the models presented in this report. We present the results of
these field investigations, which were conducted at 24 transect-survey sites (12 stations paired by seagrasses and
bare bottom) and six permanent stations to fill gaps in our knowledge of seagrass biology, variations in water

column and sediment geochemistry, underwater irradiance, and the inherent optical properties of Laguna waters.

Studies on seagrass biology included delineation of the photosynthesis vs. irradiance (P vs. I) relationships for
Syringodium filiforme, which were used in developing the LMSM for this species (P vs. I relationships have
been previously published for Halodule wrightii and Thalassia testudinum). In addition, density and above- and
below- ground biomass of the three grass species were collected over variable temporal and spatial scales at 12
transect sites and three permanent stations in Laguna Madre. Continuous measurements of photosynthetically
active radiation (PAR) were also collected at the permanent sampling stations. Indices of carbon and nitrogen

content were measured in leaves and below-ground tissues to provide data for the LMSM and allocation models

for Thalassia.

Thousands of samples were analyzed in our efforts to better understand the complex geochemical relationships
occurring within Laguna seagrass beds. We collected samples at 24 transect sites; in addition, sediment
chemistry was examined in detail from vertical profiles conducted at four additional stations. Results
demonstrated that most sediments in Laguna Madre are sandy with a relatively narrow range in their physical
and geochemical characteristics and that the diagenetic activity takes place in the upper few centimeters of

sediment (in contrast to most estuarine siliciclastic muds). This work also demonstrated that the flux of




ammonium from resuspended sediments (as occurs during dredging) can be substantial, thereby providing a
large pulse of inorganic nitrogen that can fuel phytoplankton blooms. This finding is important, since
measurements of water inorganic nitrogen levels are generally low (<3 pM) throughout the Laguna. Such low
concentrations probably play an important role in regulating phytoplankton production, as reflected in water

column chlorophyll levels that are <10 pg L™ in the Lower Laguna.

Knowledge of the inherent optical properties (IOPs) of L.aguna Madre waters is critical in developing a radiative
transfer model to link with the LMSM. Strong relationships were observed between IOPs and total suspended
solids (T'SS). TSS is likely to contribute most to water column light attenuation during dredging events, which
can result in significant reductions in both light quality and quantity. Declines in light-driven photosynthetic
oxygen evolution can have serious effects on seagrass health. Sediment geochemical model simulations
suggested that root zone fluxes of O, (produced during photosynthesis) were essential to maintaining non-toxic
levels of sulfide. In addition, model results indicate that seagrass beds overlain with even modest (cm) amounts
of dredged material can experience rapid increases in sulfide concentrations that can be sustained at toxic

concentrations for several months.

The LMSM was developed for Halodule, Syringodium, and Thalassia. Of the three models, the LMSM was
able to reproduce many features of a continuous nine-year data set for Halodule, mainly because the Halodule
set contained a prolonged period of light stress (brown tide event) interspersed between two periods of favorable
light climates. Simulations using worst-case light attenuation profiles show that the seagrasses are able to
withstand short periods (one to two weeks) of very high water column light attenuation. However, under
prolonged periods of low PAR (ca. 100 days or more) of even moderate levels of water column attenuation,

model predictions indicate potentially dangerous decreases in plant biomass.

Our efforts have produced an integrative and quantitative model that predicts the response of seagrasses to
changes in their environment, particularly with respect to changes in light availability, based on extensive
interdisciplinary field observations and experimental studies conducted over the past two years. Model
simulations and in situ measurements of an actual dredging event strongly suggest that dredging operations are
very likely to have a measurable negative impact on the health when (1) dredging activities occur over extended
periods (weeks) when the plants are metabolically most active (spring through autumn), and (2) the dredging

activity and/or disposal of materials occurs within 1 km of the grass bed.




The results of the LMSM depend, as does any model, upon a variety of inputs (in particular TSS) and
assumptions that are used in the interpretation of simulation results. For example, the seagrass model was run at
sites that were not immediately adjacent to disposal areas. This was done to simulate the impact of disposal on
the Laguna as a whole. The Seagrass Model addresses a representative area and can be applied at any location
along the length of the Laguna. Similarly, the hydrodynamic and sediment transport models cover the whole
length of Upper and Lower Laguna Madre. Given such a wide spatial coverage in all three models, there will
always be regions where differences occur between model output and observed data. The power of these
models lies in providing information on long-term trends and large-scale spatial patterns. Consequently, when
one evaluates the output from these models, consideration does need to be given to anecdotal observations that
disagree with the model results. However, it is very difficult to gauge the importance of such observations

without hard numerical data.

We stress that the output from our models needs to be interpreted in the context of long-term trends and large-
scale spatial patterns. We are confident that the LMSM performs well in this respect. In addition, our
conclusions on dredging impacts to seagrasses include results of additional model simulations based on data
collected during actual dredging events (e.g., model verification study at PA 235) and in situ observations of
seagrass response to chronic reductions in underwater light regimes. We recognize that environmental, political,
and economical factors are likely to play key roles in the management decisions regarding seagrass resources in
Laguna Madre. Therefore, we recommend efforts be undertaken, however modest, to collect accurate
measurements of environmental variables (e.g., TSS, light attenuation) to directly verify model predictions at

test sites where dredge activities and seagrass response can be directly measured and observed.
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PART ONE

Preface

The Laguna Madre of Texas is only one of three hypersaline lagoons in the world. Seagrasses inhabit
huge areas of the Laguna and provide a winter food resource for more than 75% of the world’s
population of redhead ducks. Because of the fundamental role that seagrasses play in the ecology of
coastal ecosystems, activities that potentially threaten the productivity of the system have long been a
cause for concern.

The Gulf Intracoastal Waterway (GIWW) is a 117-mile long, 12-foot deep by 125-foot wide
navigation channel that bisects the entire length of the Laguna. The GIWW is maintained by the U.S.
Army Corps of Engineers (USACE) by dredging activities based on an environmental impact
statement (EIS) that was completed in October 1975. During the 1980s, the adequacy of the EIS was
questioned by several State and Federal resource agencies and in 1993, the U.S. Army Corps of
Engineers undertook the task of completing a series of Section 216 studies to address the problems and
concerns along the GIWW. The National Audubon Society and others filed a lawsuit in 1994 to halt
unconfined, open-bay disposal of dredged material in Laguna Madre before the 216 studies were
completed. As a result of the suit, the Corps agreed to develop a long-term dredged material
management plan (DMMP) for this section of the GIWW and to prepare a supplemental environmental
impact statement (SEIS).

An Interagency Coordination Team (ICT) composed of the Corps, the National Marine Fisheries
Service, U.S. Fish and Wildlife Service, U.S. Environmental Protection Agency, Texas Parks and
Wildlife Department, Texas General Land Office, Texas Water Development Board, Texas
Department of Transportation, and the Texas Natural Resource Conservation Commission (now the
Texas Commission on Environmental Quality) was formed in February 1995 to help the USACE to
develop the DMMP and SEIS. The U.S. Coast Guard, Padre Island National Seashore, and Coastal
Bend Bays and Estuaries Program were invited to send members during subsequent meetings to
provide information and advice to the ICT.

This report reflects the completion of one of about 35 studies that have been sponsored by the ICT and
funded by the USACE to provide the latest scientific information on the impacts and benefits of the
GIWW. In 1996, the USACE provided Texas A&M University, the University of Texas Marine
Science Institute, and Texas Parks and Wildlife Department funds to conduct a study with the
following objectives:
1) To collect additional field measurements to fill gaps in our knowledge related to the biology of
seagrasses and their geochemical and physical environment, and

2) To develop an integrative model for seagrass productivity in Laguna Madre that could be used
as a management tool to assess the effects of maintenance dredging.




In addition to this report, a number of peer-reviewed publications have resulted from this research (see
below) and are available to the public.

PUBLICATIONS RESULTING FROM RESEARCH SUPPORTED UNDER THIS USACE
SPONSORED PROGRAM

Burd, A.B. and K.H. Dunton. 2000. Field verification of a light-driven model of biomass changes in
the seagrass Halodule wrightii. Marine Ecology Progress Series 209:85-98.

Eldridge, P.M. and J.W. Morse. 2000. A diagenetic model for sediment-seagrass interactions. Marine
Chemistry 70:89-103.

Lee, K-S. and K.H. Dunton. 1999a. Inorganic nitrogen acquisition in the seagrass Thalassia
testudinum: development of a whole-plant nitrogen budget. Limnology and Oceanography
44(5):1204-1215.

Lee, K-S. and K.H. Dunton. 1999b. Influence of sediment nitrogen availability on carbon and
nitrogen dynamics in the seagrass Thalassia testudinum. Marine Biology 134:217-226.

Lee, K-S. and K.H. Dunton. 2000a. Diurnal changes in pore water sulfide concentrations in the
seagrass Thalassia testudinum beds: the effects of seagrasses on sulfide dynamics. Journal of
Experimental Marine Biology and Ecology 255:201-214.

Lee, K-S. and K.H. Dunton. 2000b. Effects of nitrogen enrichment on biomass allocation, growth,
and leaf morphology of the seagrass Thalassia testudinum. Marine Ecology Progress Series

196:39-48.

Major, K.M. and K.H. Dunton. 2000. Photosynthetic performance in Syringodium filiforme: seasonal
variation in light-harvesting characteristics. Aquatic Botany 68:249-264.

Major, K.M. and K.H. Dunton. 2002. Variations in light-harvesting characteristics of the seagrass,
Thalassia testudinum: evidence for photoacclimation. Journal of Experimental Marine Biology
and Ecology 275:173-189.

Morin, J. and J.W. Morse. 1998. Ammonium release from resuspended sediments in the Laguna
Madre estuary. Marine Chemistry 65:97-110.
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Abstract

We present results from the production runs of the Laguna Madre Seagrass Model. These results
combine output from the W.E.S. Hydrodynamic and Sediment Tansport models in order to provide
suitable forcing conditions for the Seagrass Biomass and Diagenesis Model. Using the results of
the W.E.S. models, the Seagrass model predicts that, at the sites modeled, the seagrasses survive
the impacts of disposal of dredge material. The results also indicate that seagrass beds closer to
actual disposal sites will be impacted to a greater extent than those further away (as was seen in
the results of the Verification Phase of this project).

Concentrations of TSS tend to be elevated during the spring and the fall, with lower values
during the summer growth period. There is very little difference in TSS concentrations between
the dredging and non-dredging scenarios. The time series of underwater irradiance reflects the
changes in the TSS concentration; low light levels occur during the spring and fall months and
increase during the summer.

Biomass at the Halodule wrightii stations tends to increase and values at the end of the sim-
ulation are higher than those observed in the Laguna Madre. The model predicts above-ground
biomass values for Thalassia testudinum that generally lie between 100 and 150 gdw m™3; these
fall within the range of measured biomass in the Laguna Madre.

Root-zone HS™ concentrations are low except at a few sites in the Upper Laguna Madre. Typi-
cal values predicted by the model are between 5 and 10 M, though in the Upper Laguna, concen-
trations can reach as high a 400 pM. The model predicts root-zone concentrations that lie between
100 and 350 M which are within the range of measured values. Both the HS™ and NH,* concen-
trations predicted by the model are not sufficient to significantly affect the growth and production
of the plants. Thus, available irradiance is the dominant factor affecting seagrass growth and pro-
duction.

The model assumes that the only factors contributing to attenuation of light in the water column
are the water itself and TSS. The effects of other factors such as algal mats and phytoplankton
blooms are not accounted for. The model also does not account for the burial of seagrasses by
sediment.

The results of the model, and the caveats underpinning it, strongly suggest that long term
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monitoring of light levels and water quality in the Laguna Madre is advisable. The results of
such a program, together with the results from this study, would provide an invaluable guide to
managers in deciding when to schedule dredging activities. In addition, the presence of a buffer

zone between the placement area and nearest seagrass bed should be considered.




Introduction

The aim of the Laguna Madre Seagrass Model is to investigate the effects of dredging on sea-
grasses in the Laguna Madre. In order for realistic predictions to be made using the model, time
series of irradiance at canopy level and deposition of sediment on the benthos are required. Irra-
diance at canopy level requires knowledge of the attenuation of light as it propagates through the
water column from the surface. One important component contributing to this attenuation is the
concentration of Total Suspended Solids (TSS) in the water column. Modeled time series of TSS
and bed elevation were provided by the combined Hydrodynamic and Sediment Transport models
developed at WES.

Two runs of the Hydrodynamic and Sediment Transport Model were made (Allen Teeter, per-
sonal communication); one with no disposal of dredge material and the other with disposal at six
sites, PA’s 187, 197, 202, 211, 221, and 233 (Table 1. The quantities of material deposited at each
site were 88, 655, 512, 680, 844, and 380 kcyds respectively. In the model simulations, 70% of
the disposed material was placed on the bed and remaining 30% was placed in suspension imme-
diately above the disposal site. This suspended fraction was finer than the material placed on the

bed (Allen Teeter, personal communication).

Table 1: Table of placement area locations. The latitude and longitude values in the table refer to

the centers of the disposal areas (Allen Teeter, pers. comm.).
PA  Latitude Longitude

187 27°2700" 97°20'06"
197 27°17'30" 97°24'18"
202 27°10'12"  97°25'54"
211 26°4706" 97°27'54"
221 26°29'42"  97°2324"
233 26°11'06" 97°15'54"

The Seagrass model was run at sites containing Thalassia testudinum or Halodule wrightii (Ta-

ble 2 and Figure 1). The model was not run for sites having bare areas or for sites with Syringodium
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Jiliforme (see Chapter I).
The model was run for a period of three years; during the disposal runs, disposal occurred at
the start of the first year followed by two years using forcings identical to those used in the first

year but without disposal.

The Model

The Laguna Madre Seagrass Model actually consists of several different models that either work

together or supply information to one another. These models are:

» Hydrodynamic Model: calculates current flows and water depths within the Laguna Madre.

It was developed and operated by the U.S. Army Corps of Engineers at W.E.S.

» Sediment Transport Model: relies on information from the hydrodynamic model and pre-
dicts the movement and deposition of sediment within the Laguna Madre. This model was

also developed and run by the U.S. Army Corps of Engineers at W.E.S. by Allen Teeter.

« Light Attenuation Model: predicts the irradiance at the depth of the seagrass canopy within
the water column. The model was developed by Adrian Burd and relies on information from
the hydrodynamic model (water depth), the sediment transport model (water column total
suspended solids) and the model of light absorption developed by Robert Maffione (Chapter
IV of this report). This model 1s described below.

« Biomass and Diagenesis Model: predicts the production and biomass of seagrasses and
changes in sediment chemistry. This model was developed by Adrian Burd and Peter El-

dridge and is described in Chapters I and III of this report.

TSS concentrations and water depth for 26 sites were extracted from two different simulations
of the Hydrodynamic and Sediment Transport models. The two simulations represented a) a one
year period during which there was not disposal of dredging material and b) a one year simulations
identical to a) except that disposal of dredging material ocurred on the first day of the simulation.

These data were used to drive the Light Attenuation Model and the Biomass and Diagenesis Model.




Table 2: Table of site location and types.

Node  Station Latitude Longitude = Mean Depth (m) Type
2236 ULM-2 27°25'00"W 97°21'00" N 1.0 Halodule
4798 ULM-3 27°11'33"W 97°25'42" N 1.0 Bare
16845 LLM-1 26°1045"W 97°15'36" N 1.15 Bare
16580 LLM-2 26°0800"W 97°12'00" N 1.3 Thalassia
7511  LLM-3  26°35'25"W 97°22'57"N 1.27 Syringodium
16768 1 26°08'06" W 97°12'31"N 1.2 Thalassia
17543  DET/3  26°07'57"W 97°14'21"N 1.65 Thalassia
15541 5 26°11'00" W 97°13'00" N 1.3 Thalassia
16684 7 26°11'00" W 97°17'00" N 1.15 Thalassia
13072 9 26°20'05" W 97°18'45" N 0.9 Syringodium
13928 11 26°21'00" W 97°19'20" N 0.7 Syringodium
10037 13 26°30'23" W 97°21'53" N 0.8 Syringodium
6725 15 24°40'00" W 97°24'00" N 0.8 Syringodium
4746 17 27°10'47" W 97°25'45" N 1.1 Halodule
3708 19 27°1620" W 97°24'00" N 1.1 Halodule
1498 23 27°29'42" W 97°19'42" N 1.2 Halodule
17680 PA235a 26°07'05"W 97°13'50" N 1.3 Thalassia
17676 PA235b 26°07'23"W 97°13'44"N 1.3 Thalassia
17679 PA235c 26°07'13"W 97°13'40"N 1.3 Thalassia
17677 PA235d 26°0721"W 97°13'48" N 1.3 Thalassia
16394  JEK  26°09'03"W 97°12'09" N 1.2 Thalassia
15556 WES-1 26°11'43"W  97°14'03" N 1.5 Bare
17393  WES-2 26°09'16"W 97°14'40" N 1.65 Bare
17232  WES-3  26°09'56"W 97°16'65" N 1.5 Halodule
16496 WES-4 26°11'30"W 97°16'48" N 1.2 Thalassia
16306 WES-5 26°13'05"W 97°17'01"N 0.9 Thalassia




Figure 1: Locations of the sites used in the model production runs. The squares indicate the sites
at which the Seagrass Model was run; open circles represent the disposal sites used in the model.

The shaded area represents the land cut.
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The coupled biomass—diagenesis model was written in FORTRAN-77. The Light Attenuation
Model and all post-processing and graphics for the Light Attenuation and Biomass and Diagenesis

™

Models were programmed using Matlab .

The Light Attenuation Model

The Light Attenuation Model was developed to predict the irradiance at the depth of the seagrass
canopy given the concentration of TSS in the water column. Irradiance at canopy level will depend
upon the light at the air-water interface, the depth of the water, the concentration of total suspended
solids (TSS) in the water. The absorption characteristics of TSS are wavelength dependent so a
spectral irradiance model was required to accurately predict light levels in the water column.

Irradiance at the air-water interface was calculated using a model of spectral solar irradiances
for cloudless maritime atmospheres (Gregg and Carder, 1990). The model used a standard model of
the solar spectrum and takes into account absorption by ozone, oxygen, water vapor and Rayleigh
scattering. Aerosol scattering and absorption were accounted for using a modified version of the
U.S. Navy marine aerosol model. Surface reflectance from a flat air-water interface was included
in the model, the effects of surface waves being small for zenith angles less than about 60°(Kirk,
1994).

The effects of cloud cover on surface irradiance are not included in the model of Gregg and
Carder (1990). Empirically generated corrections for cloud cover can be made (e.g., Igbal, 1983)
if measurements of cloud cover are available. However, there are severe problems in applying
this approach to the Seagrass Model. Firstly, the seagrass model requires hourly light data and no
comprehensive data set of hourly cloud coverage for the region was found. Secondly, estimates of
cloud cover do not give information as to which parts of the sky are covered. Thirdly, reflection of
solar radiation from the edges and sides of clouds can increase surface irradiance to values greater
than the extra-terrestrial radiation.

For these reasons, a simpler approach was taken. Average surface irradiance values had been
obtained in the Laguna Madre and are presented in Figure 2 of Chapter I of this report. A correction
factor was derived by taking the ratio of the maximum observed surface PAR and the maximum

calculated surface PAR; the value of this ratio was 0.6. This factor was then applied uniformly to
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the model results.

Irradiance within the water column is affected by water depth, absorption by the water and
absorption and scattering by TSS. Hourly water depth was taken from results of the hydrodynamic
model provided by Allen Teeter (W.E.S.). The effects of water and TSS were calculated using the
following model developed by Robert Maffione (Chapter IV of this report)

) = 5

In this equation, A (nm) is the wavelength of the light, K;()) is the wavelength dependent attenu-

+ (0.0255 + 0.537 exp (—0.00441 A)) TSS (1)

ation coefficient (in units of m™1), a,, () is the spectral absorption coefficient of water (Smith and
Baker, 1981), 8 is the zenith angle (degrees) and TSS the concentration of total suspended solids
(mg 17h).

The spectral irradiance at the canopy level was calculated using
I\(z) = 1,(0) exp (— K4(N)z) (2)

where z is the depth of the seagrass canopy, I,(z) is the spectral irradiance at depth z and I, (0) is
the spectral irradiance at the air-water interface.
The spectral irradiance at the depth of the canopy was integrated over the wavelength range
400-700 nm to obtain the photosynthetically active radiation (PAR)
700

[pAR(Z) == / I/\(z) dA (3)

7400

and this was used as a forcing function for the seagrass production model.

An estimate of the diffuse attenuation coefficient over the PAR wavelength range was made

using

1 Ipar(2)
K4(PAR) = - In (IPAR,(O)) 4)

where Ipar (0) was calculated using Equation 3 with z = 0. A plot K;(PAR) as a function of TSS
concentration is shown in Figure 2 for various values of z.

To put this curve in context, the minimum light requirements for seagrasses are often quoted
in terms of percent surface irradiance (%SI). For example, for H. wrightii, a minimum light re-
quirement of 18% SI was determined by Dunton (1994). For a water depth of 1m, this implies

a diffuse attenuation coefficient of K;(PAR) = 1.7 which is attained for a TSS concentration of
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Figure 2: The relationship between I;(PAR) and TSS (sold curves) for depths 1, 1.5, 2 and 2.5m,
with the top-most curve representing the case for 1m, the next curve 1.5m etc. The dashed curve
represents the /{;(PAR)~TSS relationship obtained by Brown and Kraus (1997).

Calculated K
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approximately 25 mg 171, These light levels are average light levels required during the growing
season of the plant. Daily, or instantaneous irradiances can be far greater, so long as the average

over the spring and summer months satisifes the above limits.

Model Results Summary

The seagrass model was run at 17 sites using TSS concentrations supplied by Allen Teeter from
the sediment transport model. These sites were those containing Thalassia and Halodule listed in
Table 2. As discussed in Chapter I of this report, no model was available for Syringodium. There
were a total of 12 sites at which the Thalassia model was run, and 5 sites at which the Halodule
model was run.

There is little difference in the modeled TSS concentrations between the dredging and non-
dredging scenarios. This can be seen by examining the figures in Section or from Table 3. The
table shows the fraction of a single year during which the TSS concentration was < 50 mg 17},

between 50 and 150 mg 17* and > 150 mg 17!; these boundaries were chosen arbitrarily based on
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visual examination of the curves shown in Section ; the top row of each entry corresponds to the
single year with dredging and the bottom row to the single year without dredging. Only sites in
Upper Laguna Madre show TSS concentrations greater than 150 mg 1-! and only one of these sites
shows an appreciable difference between dredging and non-dredging scenarios.

Previous experience with the Biomass and Diagenesis model indicated that if there was an
impact on seagrasses in one year, the effects of impact would disappear by the second or third
year. This, together with the small differences in TSS concentrations between the dredging and
non-dredging cases suggested that the Biomass and Diagenesis model should be run for three years.
During the first year, the TSS concentrations corresponding to the dredging scenario were used;
for the second and third years, the TSS concentrations appropriate for a non-dredging year were
used.

Seasonal changes in the TSS led to seasonal patterns in the underwater irradiance. Elevated
TSS concentrations tended to appear in the spring and the fall, reducing the canopy level irradiance
during these times. Summer irradiances were high, allowing the seagrasses to grow.

At those sites for which the model was run, the seagrass survived the increased TSS resulting
from the dredging. The biomass of Halodule tended to increase over the three-year simulation; the
biomass of Thalassia tended to stabilize such that the above-ground biomass was between 100 and
150 gdw m~3. Sulfide levels remained low in the all the simulations. Site 17 showed the highest
values and this is also the site that showed the greatest difference in TSS concentrations between

dredging and non-dredging scenarios.

Model Result Details

Halodule Sites

Site ULM-2 (node 2236)

There is very little difference in TSS concentrations between dredging and non-dredging scenarios
(Figure 3). Concentrations of TSS reach as high as 200 mg I™! during May and then fall to remain

below 100 mg 17! from July through to the following spring.
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Table 3: Summary of model results. The sites for each species are listed from northernmost to
southernmost. The distance column lists the distance (in statute miles) from the model site to the
closest disposal area (see Figure 1); the three TSS columns give the fraction of one year within the
specified range - top row dredged scenario, bottom row non-dredged; Fp g is the fraction of the
three year simulation for which HS™ concentrations exceed the minimum inhibition threshold.
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Figure 3: Modeled TSS concentrations (mg 171) for site ULM-2 (node 2236 - Halodule). The
solid line shows the results of the simulation with dredging and the dotted line shows the results of
the simulation without dredging (model data courtesy of Allen Teeter).
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The underwater irradiance ranged from 1 to 50 pmol m™2 s~! (Figure 4a). High light levels
were seen between July and October of each year, reflecting the low values of TSS during those
times. Both above and below-ground biomass increased to very high values (Figure 4b) because
of the optimum light levels available. Because of the high, increasing biomass, both the root-zone
HS~ and NH;* increased. Although the root-zone HS™ and NH, " values were high, they were

not sufficiently high to cause the feedbacks to have adverse affects on the plant growth.

Site 17 (node 4746)

The modeled concentration of TSS at this site is generally greater than that at site ULM-2 (Fig-
ure 5). This is because one of the placement areas was in the vicinity. There was also a pronounced
difference between the dredged and non-dredged scenarios. TSS concentrations reached values
greater than 350 mg 17! at the start of the dredged scenario in April. TSS concentrations decreased
between July and October.

Underwater irradiance reaches very low levels during the late spring and early summer months
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Figure 4: Model results for site ULM-2 (node 2236 - Halodule): a) canopy level irradiance (mol
m~2 d™1); b) biomass (gdw m~2) - solid line for above-ground and dashed line for below-ground;
root-zone HS concentration (uM); d) root-zone NH; ™ concentration (uM).
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Figure 5: Modeled TSS concentrations (mg 171) for site 17 (node 4746 - Halodule). The solid
line shows the results of the simulation with dredging and the dotted line shows the results of the
simulation without dredging (model data courtesy of Allen Teeter).
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(Figure 6a) when the TSS concentrations are high. Between July and and October when the TSS
values are generally low, the underwater irradiance is high allowing the plants to grow. Above
and below-ground biomass remains high throughout the year (Figure 6b) and root-zone HS™ (Fig-

ure 6¢) and NH,* (Figure 6d) values are also high, though follow a seasonal cycle.

Site 19 (node 3708)

Modeled TSS concentrations at site 19 (Figure 7) show a similar pattern to those at site 17 and are
generally a little lower; peak TSS concentrations are about 300 mg 17!, Differences between the
dredging and the non-dredging scenarios are smaller at this site than at site 17.

Underwater irradiance (Figure 8a) show the familiar pattern of high values during the late
spring and into the summer with low values between April and July when the TSS concentrations
are highest. Biomass (Figure 8b) increases showing a regular seasonal growing cycle with biomass
values that are high. Root zone sulfide (Figure 8c) and ammonia (Figure 8d) concentrations remain

below levels at which any significant feedback would affect plant growth.
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Figure 6: Model results for site 17 (node 4746 - Halodule): a) canopy level irradiance (mol
m~2 d~!); b) biomass (gdw m™?) - solid line for above-ground and dashed line for below-ground;
root-zone HS concentration (zM); d) root-zone NH,* concentration (M).
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Figure 7: Modeled TSS concentrations (mg 171) for site 19 (node 3708 - Halodule). The solid
line shows the results of the simulation with dredging and the dotted line shows the results of the
simulation without dredging (model data courtesy of Allen Teeter).
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Site 23 (node 1498)

Site 23 is the northernmost site at which seagrasses were modeled. The modeled TSS concentra-
tions (Figure 9) are generally lower than at sites ULM-2, 19, and 17 with maximum concentrations
of 150 mg I~! occurring between April and June; concentrations during the summer and winter are
typically below 50 mg 171,

The underwater irradiance (Figure 10a) shows the normal pattern with high values (approach-
ing 45 pmol m~2 s71) corresponding to the times of low TSS concentrations (July to October
and January to April). The above and below-ground biomass has seasonal cycle superimposed on
a pattern of continuous growth (Figure 10b). Modeled biomass values are higher than observed
Halodule biomass in the Laguna (c.f., values in Figure 13, Chapter V). The high biomass also leads
to high concentrations of root-zone HS™ (Figure 10c) and NH,* (Figure 10d) but these values are

not sufficient to lead to significant inhibitions on the seagrass growth.
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Figure 8: Model results for site 19 (node 3708 - Halodule): a) canopy level irradiance (mol
m~2 d~1); b) biomass (gdw m~2) - solid line for above-ground and dashed line for below-ground,;
root-zone HS concentration (uM); d) root-zone NH4 " concentration (uM).
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Figure 9: Modeled TSS concentrations (mg 171) for site 23 (node 1498 - Halodule). The solid
line shows the results of the simulation with dredging and the dotted line shows the results of the
simulation without dredging (model data courtesy of Allen Teeter).

350

300

2501

200

&
=)

TSS (mg 1™

100

50

0

Site WES-3 (node 17232)

This is the only Halodule site in the Lower Laguna Madre that was modeled. Maximum modeled
TSS concentrations (Figure 11) were low compared with the other Halodule sites; spring-time
concentrations reached approximately 100 mg 17!, The lower concentrations of TSS occurring
through the summer and winter were comparable with the Halodule sites in Upper Laguna Madre.

Levels of underwater irradiance were generally high (40 — 50 pumol m~2 s™!) throughout the
year, with low values occurring only during the time of TSS between April and July (Figure 12a).
Biomass steadily increased over the three years, but did not attain the values seen in the model
results for sites in the Upper Laguna Madre (Figure 12b). The root-zone HS™ (Figure 12c¢) and

NH,* (Figure 12d) concentrations were not sufficient to impact the growth of the plants.

Thalassia Sites

All the nodes at which Thalassia was modeled were in the Lower Laguna Madre.
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Figure 10: Model results for site 23 (node 1498 - Halodule): a) canopy level irradiance (mol
m~2 d~'); b) biomass (gdw m™2) - solid line for above-ground and dashed line for below-ground;

root-zone HS concentration (uM); d) root-zone NH; " concentration (uM).
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Figure 11: Modeled TSS concentrations (mg 171) for site WES-3 (node 17232 - Halodule). The
solid line shows the results of the simulation with dredging and the dotted line shows the results of

the simulation without dredging (model data courtesy of Allen Teeter).
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Site LLM-2 (node 16580)

Concentrations of TSS at LLM-2 were very low compared with sites in Upper Laguna Madre
(Figure 13). TSS values were rarely greater than 50 mg 17! and typically were between 10 and
20 mg 171, The high values of TSS between April and May that were characteristic of the Upper
Laguna Madre are absent, though there are elevated TSS concentrations between October and
January. There is no discernible difference between the dredging and the non-dredging scenarios.

The underwater irradiance (Figure 14a) reflects the changes in the TSS concentrations. Maxi-
mum irradiances are approximately 50 pmol m™2 s™!. The irradiance is lowest between October
and January, the period of elevated TSS concentrations, reaching values lower than 10 pzmol m—2
s~1. The above-ground biomass shows seasonal fluctuations about a value of approximately 140
gdw m~3 (Figure 14b); this value is within the range of measured values in the Laguna Madre,
especially when one takes into account that most of the plant’s biomass is in the below-ground
tissue.

Root-zone HS™ values (Figure 14c) are much lower than those at the modeled Halodule sites.




Figure 12: Model results for site WES-3 (node 17232 - Halodule): a) canopy level irradiance (mol
m~? d~'); b) biomass (gdw m™2) - solid line for above-ground and dashed line for below-ground;
root-zone HS concentration (uM); d) root-zone NH4 ™ concentration (uM).
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Figure 13: Modeled TSS concentrations (mg 17!) for site LLM-2 (node 16580 - Thalassia). The
solid line shows the results of the simulation with dredging and the dotted line shows the results of

the simulation without dredging (model data courtesy of Allen Teeter).
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Values at LLM-2 are between 5 and 10 uM and are well below the levels required for any toxic
effects on the plant. Ammonia (Figure 14d) levels are higher, varying between 350 and 450 M.

At the higher concentrations, a small inhibition effect is possible.

Site 1 (node 16768)

The model results for this site are very similar to those for site LLM-2 because both sites are
located very close to each other. The concentrations of TSS are very low (Figure 15), rarely
rising above 50 mg 1=! and most typically remaining near approximately 10 mg 17!. Elevated
concentrations of TSS occur between October and January and there is a spike in March. There
is no discernible difference between the modeled TSS concentrations for the dredging and the
non-dredging scenarios.

Since the TSS concentrations at Site 1 are so similar to those at Site LLM-2, the underwater

irradiance and resulting plant biomass and sediment chemistry are also very similar (Figure 16).




Figure 14: Model results for site LLM-2 (node 16580 - Thalassia): a) canopy level irradiance (mol
m~2 d™1); b) above-ground biomass (gdw m~2); root-zone HS concentration (¢M); d) root-zone
NH,* concentration (uM).
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Figure 15: Modeled TSS concentrations (mg 171) for site 1 (node 16768 - Thalassia). The solid
line shows the results of the simulation with dredging and the dotted line shows the results of the

simulation without dredging (model data courtesy of Allen Teeter).
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Site 3 (node 17543)

Modeled concentrations of TSS at this site were generally higher than those at LLM-2 and Site
1 (Figure 17). Maximum concentrations were greater than 100 mg 17! and values were generally
elevated between April and August and between October and January. The variation in TSS con-
centrations was also greater than at the previous two sites with rapid changes of TSS in a few days

(e.g., the drop in TSS from 100 mg 17 to less than 25 mg 17! at the end of July).

2 —1

The underwater irradiance at this site shows pronounced lows of less than 10 pgmol m™= s

during two parts of the year: April through July and October through January (Figure 18a). Be-

1

tween July and October, the modeled irradiance at canopy level reaches 45 pmol m™2 s~} and

2 s71; these levels are generally lower

between January and April it gets as high as 30 pgmol m™
than the underwater irradiances at site 1 (Figure 16a). The above-ground biomass at site 3 (Fig-
ure 18b) is also lower than that at site | because of the lower light levels. The biomass is greatest
in October and reaches its lowest values in late spring; both correspond to fluctuations in the TSS

concentrations.




Figure 16: Model results for site 1 (node 16768 - Thalassia): a) canopy level irradiance (mol m~?

d~1); b) above-ground biomass (gdw m~2); root-zone HS concentration (M); d) root-zone NH,*
concentration (uM).
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Figure 17: Modeled TSS concentrations (mg 171) for site 3 (node 17543 - Thalassia).The solid
line shows the results of the simulation with dredging and the dotted line shows the results of the

simulation without dredging (model data courtesy of Allen Teeter).
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The root-zone HS™ levels are low (Figure 18c), varying between 5 and 10 M with the peaks
occurring in late spring (April-May). The root-zone NH,* concentrations (Figure 18d) are similar
to those seen at other sites and are sufficiently low as to not lead to significant inhibitions to plant

growth.

Site 5 (node 15541)

Modeled concentrations of TSS vary between approximately 20 and 120 mg 1=* (Figure 19). There
is appreciable difference between the dredging and the non-dredging scenarios. Maximum TSS
concentrations occur in late April and early March, with lower values between August and Septem-
ber.

Modeled underwater irradiance (Figure 20a) reflects the changes in the TSS concentration.
High irradiances (approximately 45 pmol m~2 s™1) occur between July and October. The min-

2

imum irradiances (< 10 pmol m™2 s™!) occur during two periods of the year; between October

and September and between April and July. Modeled above-ground biomass values (Figure 20b)




Figure 18: Model results for site 3 (node 17543 - Thalassia): a) canopy level irradiance (mol m~2
d~1); b) above-ground biomass (gdw m™2); root-zone HS concentration (zM); d) root-zone NH,+
concentration (M).
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Figure 19: Modeled TSS concentrations (mg 171) for site 5 (node 15541 - Thalassia). The solid
line shows the results of the simulation with dredging and the dotted line shows the results of the
simulation without dredging (model data courtesy of Allen Teeter).
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show small peaks between July and October (when the irradiance is greatest) and has a minimum
value between April and July when the irradiance is also a minimum. The above ground biomass
varies between about 75 and 125 gdw m~3.

Root zone HS™ (Figure 20c) and NH,* (Figure 20d) concentrations are similar to those at site
3. Sulfide concentrations vary between about 5 and 10 uM with peaks in the spring when the

biomass is lowest. Ammonia levels vary between approximately 250 and 350 M and are below

the level which would result in an inhibition to growth.

Site 7 (node 16684)

Site 7 has modeled TSS concentrations that peak at about 100 mg 17! (Figure 21). These concen-
trations are elevated during the spring (April to July). The minimum TSS concentrations occur
between September and October. Apart from the first half of April, there is negligible difference
between the TSS concentrations in the dredging and the non-dredging scenarios.

The underwater irradiance (Figure 22a) follows the patterns in the TSS concentrations. The




Figure 20: Model results for site 5 (node 15541 - Thalassia): a) canopy level irradiance (mol m™2

d—1); b) above-ground biomass (gdw m~2); root-zone HS concentration (1M); d) root-zone NH,+
concentration (M).
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Figure 21: Modeled TSS concentrations (mg 171) for site 7 (node 16684 - Thalassia). The solid
line shows the results of the simulation with dredging and the dotted line shows the results of the

simulation without dredging (model data courtesy of Allen Teeter).
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maximum irradiance (~ 50 pmol m™? s™1) occurs during September when the TSS concentration
is lowest, and the minimum irradiance is between April and July during the period of elevated TSS

concentrations. The above-ground biomass shows a peak in October and has a minimum in the

3

late spring (Figure 22b). Typical above-ground biomass is 100 gdw m™ with a minimum value of

approximately 75 gdw m~> and a maximum of approximately 120 gdw m~3.

The model shows root-zone HS™ levels with a peak in the spring and minimum in the fall
(Figure 22c). There is also a generally decreasing trend in HS™ concentrations over the three years.
Root-zone NH4+ concentrations (Figure 22d) are very similar to those seen at site 5; peaks in the

winter and minima in the summer and maximum concentrations insufficient to initiate inhibition

of plant growth.

Site PA-235a (node 176780)

Modeled TSS concentrations (Figure 23) for site PA-235a are below 100 mg 17! for the whole

year. Elevated TSS values occur between October and January and minimum concentrations occur




Figure 22: Model results for site 7 (node 16684 - Thalassia): a) canopy level irradiance (mol m~2

d=1); b) above-ground biomass (gdw m~?); root-zone HS concentration (;zM); d) root-zone NH,*
concentration (uM).
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between August and October. There is very little difference between the TSS concentrations in the

dredging and the non-dredging scenarios.

Figure 23: Modeled TSS concentrations (mg 171) for site PA-235a (node 17680 - Thalassia). The
solid line shows the results of the simulation with dredging and the dotted line shows the results of

the simulation without dredging (model data courtesy of Allen Teeter).
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The modeled underwater irradiance (Figure 24a) is dictated by the TSS concentration. The

2 571y occurs between October and January (the

minimum underwater irradiance (< 5 pmol m™
period of elevated TSS concentrations at this site). The peak irradiances (~ 45 pmol m=2 s71)
occur between July and October (the period of minimum TSS concentrations).

The modeled above-ground biomass varies between approximately 90 and 120 gdw m~3 (Fig-
ure 24b). The peak biomass is at the end of the summer (September—October) and the minimum
biomass is in the winter. The sudden decrease in biomass in October is a consequence of the
irradiance resulting from the increased TSS concentrations at that time.

Root-zone HS™ concentrations (Figure 24c) remain low, varying between about 4 and 10 M
with a gradual decreasing trend over the three years of the simulation. The modeled root-zone

NH,4" concentrations (Figure 24d) oscillate about 300 M with peaks in the winter and maxima

during the summer months.




Figure 24: Model results for site PA-235a (node 17680 - Thalassia): a) canopy level irradiance
(mol m~2 d~'); b) above-ground biomass (gdw m~?); root-zone HS concentration (zM); d) root-
zone NH, ™ concentration (M).
60 200
a b
7 150
g | ‘E
q 40 >
E [ 2
= 30} ' 2100
\Ej i B (R i 3
220 T i £
o i 1 =50
~ ol (L i | l ®
r‘ i ~‘
0 N kAN L L 0
JAJOJAJOJAJIOIJA JAJOJAJOJAIOIA
15 560
c d
= S 400
4, 10 =300
T Z
L L
= =
@ S & 200
o] 2
& < 100
0 0
JAJOJAJOJAJOIA JAJOJAJOJAIJTOIA




Site PA-235b (node(17676)

Modeled TSS concentrations are below 100 mg 17! (Figure 25). As with site PA-235a, elevated
TSS concentrations occur between October and January preceded by a period between August and
September of minimum values. There is little discernible difference between TSS concentrations

in the dredging and the non-dredging scenarios.

Figure 25: Modeled TSS concentrations (mg 1~}) for site PA-235b (node 17676 - Thalassia). The
solid line shows the results of the simulation with dredging and the dotted line shows the results of

the simulation without dredging (model data courtesy of Allen Teeter).
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Maximum underwater irradiance occurs between July and October (Figure 26a) with values
reaching 50 mol m~2 d!. The underwater irradiance sharply drops to values below 15 mol
m~2d~! in October. This drop corresponds to the increase in TSS at the same time. Irradiance
values increase again during the winter.

The modeled root-zone HS™ and NH,* are little different from those at previous sites. The
HS~ varies between about 5 and 10 M (Figure 26¢) while the NH, " oscillates about 300 uM
(Figure 26d).




Figure 26: Model results for site PA-235b (node 17676 - Thalassia): a) canopy level irradiance
(mol m~2 d™1); b) above-ground biomass (gdw m~?); root-zone HS concentration (1M); d) root-
zone NH, ™ concentration (zM).
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Site PA-235c (node 17679)

The model results (TSS concentration, biomass, HS™ and NH4™) for site PA-235¢ are all almost

identical to those of PA-235b.

Site PA-235d (node 17677)

The model results (TSS concentration, biomass, HS™ and NH, ™) for site PA-235d are all almost
identical to those of PA-235b.

Site JEK (node 16394)

Modeled TSS concentrations remain below 50 mg 17! except during March (Figure 27) when
concentrations can get slightly greater than 50 mg 17!, Generally elevated TSS concentrations
occur between October and January. There is little discernible difference in TSS concentrations

between the dredging and the non-dredging scenarios.

Figure 27: Modeled TSS concentrations (mg 1™1) for site JEK (node 16394 - Thalassia). The
solid line shows the results of the simulation with dredging and the dotted line shows the results of

the simulation without dredging (model data courtesy of Allen Teeter).
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2 71y between July

Modeled underwater irradiance reaches maximum values (~ 50 pmol m™
and October each year (Figure 28a). Irradiance falls to about 10 zzmol m~2 s~! in October and the

steadily rises throughout the rest of the year.

Figure 28: Model results for site JEK (node 16394 - Thalassia): a) canopy level irradiance (mol
m~2 d~1); b) above-ground biomass (gdw m™?2); root-zone HS concentration (zM); d) root-zone
NH,* concentration (;M).
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Modeled above-ground biomass (Figure 28b) is reasonably constant, varying between approx-
imately 115 and 140 gdw m~3. Peak biomass occurs during July with minimum values during
January.

Root-zone HS™ and NH,; ™ show regular oscillations. The HS™ concentration varies between
approximately 4 and 9 uM with peaks during the summer and minimum values during the winter
(Figure 28c). Ammonia concentrations show the opposite behavior, with peaks during the winter
and minimum values during the summer (Figure 28d). Both HS™ and NH4* concentrations are

insufficient to result in growth-inhibition of the plant.




Site WES-4 (node 16496)

Modeled TSS concentrations at WES-4 (Figure 29) are similar, but slightly higher than those
at WES-3 (Figure 11). Elevated TSS concentrations occur between April and July, with values
reaching 100 mg 17!, Concentrations reach minimum values between September and October and
then rise again in the winter with the maximum TSS occurring as a peak in March. There is no
discernible difference in TSS concentrations between the dredging and the non-dredging scenarios,

except for slightly lower concentrations during April in the non-dredging case.

Figure 29: Modeled TSS concentrations (mg 171) for site WES-4 (node 16496 - Thalassia). The
solid line shows the results of the simulation with dredging and the dotted line shows the results of

the simulation without dredging (model data courtesy of Allen Teeter).
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Modeled underwater irradiance reflects the changes in the TSS concentrations with maximum
values (~ 50 pmol m~2 s™1) in September and October and minimum values (< 5 pmol m™2
s~1) between April and July (Figure 30a).

Above-ground biomass varies between approximately 50 and 120 gdw m™? throughout the year
(Figure 30b) with maximum values in the summer and minimum values in the late spring.

The root-zone HS™ varies between about 10 and 4 M with maximum values between April

and July and minimum values in January (Figure 30c). These low HS™ values are not sufficient to




Figure 30: Model results for site WES-4 (node 16496 - Thalassia): a) canopy level irradiance (mol
m~2 d~1); b) above-ground biomass (gdw m~?2); root-zone HS concentration (uM); d) root-zone
NH, " concentration (uM).
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result in any toxic effects on the plant.
The root-zone NH, " varies between approximate 250 and 350 M with maximum values in
the winter and minimum values in the summer (Figure 30d). These values are also too small to be

toxic to the plant.

Site WES-5 (node 16306)

The modeled TSS concentrations at this site reach almost 150 mg 1= during the spring (Figure 31).
Elevated concentrations of TSS occur during between April and July, followed by minimum values
in September and October. TSS concentrations remain below about 50 mg 17! between October and
February, then gradually increase again. The non-dredging scenario produces TSS concentrations

that are slightly lower those in the dredging scenario during certain parts of the year.

Figure 31: Modeled TSS concentrations (mg 171) for site WES-5 (node 16306 - Thalassia). The
solid line shows the results of the simulation with dredging and the dotted line shows the results of

the simulation without dredging (model data courtesy of Allen Teeter).
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The modeled underwater irradiance (Figure 32a) reflects the changes in the TSS concentrations
with maximum values (> 50 pmol m~2 s71) in September and October during the period of low

TSS, and low irradiances (< 5 pmol m™2 s~!) between April and July during the period of elevated

R-43




TSS.

Figure 32: Model results for site WES-5 (node 16306 - Thalassia): a) canopy level irradiance (mol
m~2 d™'); b) above-ground biomass (gdw m~?); root-zone HS concentration (1:M); d) root-zone
NH,* concentration (uM).
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Above-ground biomass varies between approximately 60 and 120 gdw m~3 (Figure 32b) with
maximum values in the summer and minimum values in the late spring. Root-zone HS™ shows
slightly higher values during the dredging year, but values are still low varying between 4 and 12

M. Root-zone NH,* concentrations vary between 250 and 350 M.

Discussion

For the forcing conditions used in these simulations, seagrasses at all the modeled sites survived.
At all the sites in both Upper and Lower Laguna Madre, the seagrasses were exposed to irradiance
levels greater than or equal to the saturation irradiance for almost the whole simulation.

The model predicts root-zone HS™ concentrations for the Thalassia sites that are generally

lower than those observed in field (Tables 2 and 6, Chapter VI). This may be due to the lack of
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a detailed below-ground biomass compartment in the model for this species. Root-zone NH,"
concentrations are within the range of those measured in the field for both Halodule and Thalassia
sites, but tend to lie on the high end of this range. The model predicts NH4* concentrations that lie
between 100 and 350 M. Observed root-zone NH, concentrations tend to be less than 100 M,
but some sites show concentrations greater than 1000 M.

The maximum underwater irradiances predicted by the model fall within the range 40 — 60
pmol m~2 s~!. These values are consistent with those observed in Lower Laguna Madre (Figure
11, Chapter I; Figures 10-12, Chapter V) but are higher than those seen in Upper Laguna Madre
(Figure 8, Chapter I; Figures 7-9, Chapter V). One reason for this is that modeled attenuation of
light in the water column comes only from the water and TSS. Other causes of light attenuation
(e.g., phytoplankton bloom, algal mats) are not accounted for in the model.

The Halodule biomass predicted by the model is higher than that observed, often by a factor
of 2. The model was developed from data taken in Upper Laguna Madre (Chapter I). The data
showed the effects of reduced light levels resulting from a persistent brown tide. This affected the
calibration of the model such that the model recovered from reduced light levels more rapidly than
was actually seen in the data (Figure 14, Chapter I). This tendency of the model to predict higher
plant growth and productivity during periods of high irradiance may explain the high biomasses
produced in these simulations.

The model only predicts above-ground Thalassia biomass. For the simulations presented here,
the predicted above-ground biomass lies between approximately 100 and 150 gdw m™3. The mea-
sured ratio of above to below-ground biomass (the root-shoot ratio) for Thalassia lies between
approximately 3 and 6 (Figure 13, Chapter V). So, total biomass from the model therefore lies in
the range 500 to 1000 gdw m™3. This compares very favorably with Thalassia biomass measured
in the Laguna Madre (Figure 13, Chapter V).

Two different results were seen in the verification experiment (Chapter V). At sites PA-235a
and PA-235b the seagrasses were buried by material and subsequently died. Seagrasses at the
nearby sites PA-235¢ and PA-235d, although affected by the decreased light, recovered at the end
of the year. These observations do not contradict the results of the simulations in this chapter. The
reason being that the verification sites were close (within a few hundred meters) to the disposal

site, whereas most of the sites used in the model were greater than 1 mile from disposal areas;
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the site closest to a disposal area was Site 19 which was 0.8 miles from PA-197 (Table 3 and
Figure 1). This supports the idea of having a “buffer zone” between the placement area and the

nearest seagrass bed. The extent of such a zone is hard to determine from the available information.

Conclusions

The model results presented here indicate that under the conditions used to force the model (i.e.,
TSS concentrations, irradiances etc.) the seagrasses survive at the sites where the model was run.

Several caveats need to be placed on this conclusion:

* Only light attenuation by TSS and water were accounted for in the model. The presence of
other factors contributing to light attenuation (e.g., phytoplankton blooms and algal mats)
would decrease the light available to the seagrasses and compound any stresses affecting the

seagrasses as a result of dredging activities.

* Burial of seagrasses by dredge material is not accounted for in the model. The Verification
study of this project demonstrated that burial of seagrasses will kill the plants within a short
period of time. The model results presented here need to be interpreted in the context of

prolonged, chronic effects of dredging.

* Only certain sites were modeled. These sites are varying distances from the disposal sites
and the results from the sites in Upper Laguna Madre strongly suggest that seagrasses in the

imediate vicinity of a disposal site maybe impacted more than those further away.

* In the case of Halodule the model appears to over-estimate the plants recovery from adverse
conditions. This implies that over successive periods of adverse and good conditions, the
model will produce an optimistic estimate of plant biomass. However, these estimates are

within a reasonable range of realistic values.

The model predicts the survival of the seagrasses mainly because, although TSS concentrations
can be high, these high values are not prolonged. The model results indicate that during the summer

growth period, the TSS concentrations are very low, hence the irradiance at canopy level can




be high allowing the plants to prosper. Prolonged exposure to high TSS concentrations would

adversely affect the plants.
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Extended Model Simulations

Addendum: Extended Simulations

Two series of additional simulations were performed using field data collected during the
Verification Experiment from site PA-235. Both series of simulations were run for three years.
The first had simulated a dredging event in the first and the third years while the second
simulated a dredging event in the first year only. Both series of simulations were run with a
variety of root-zone depths, root-zone widths, and percentages of reactive and refractory carbon

(see Table 1).

Table 1. Table of model sediment and root-zone parameters used in both extended simulations.
Root zone depth and with distributions are similar to those shown in Lee and Dunton (2000). The
proportions of reactive and refractory carbon sum to that measured during the Verification
Experiment in Lower Laguna Madre.

Line type Root zone depth Root zone width ~ Reactive carbon Refractory
(cm) (cm) (%) carbon (%)
Red solid line 5 3 0.35 0.735
Green solid line 7 3 0.37 0.715
Blue solid line 9 3 0.40 0.685
Red dashed 5 4 0.35 0.735
Green dashed 7 4 0.37 0.715
Blue dashed 9 4 0.40 0.685
Red dotted 5 S 0.35 0.735
Green dotted 7 5 0.37 0.715
Blue dotted 9 5 0.40 0.685

Time series of underwater irradiance were synthesized using field observations collected during
the Verification Experiment (see Chapter V). Underwater irradiance for a year with a simulated
dredging event was taken to be that collected at sites PA-235¢ and PA-235d (see Chapter V). For

years with no dredging, underwater light profiles collected at the same time but at station FIX-2
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were used (see Chapter V). This was done because the underwater irradiance at FIX-2 indicates

that it was apparently unaffected by dredging activities during the field observations.

The model used in these simulations was that described in Chapter V. The disposal of dredged
material was simulated by adding 7.0 cm of dredged material to the surface layer in the
simulation. Different percentages of reactive and refractory carbon were used in describing the
dredged material (Table 1), but in all cases, the total organic carbon equaled that measured
during the Verification Experiment. Root zone depths and widths for Thalassia were taken from

Lee and Dunton (2000).

The aims of these simulations were:

1. To examine the seagrass model (independently of the hydrodynamic and sediment
transport models) to see if its long-term behavior matched that observed at site PA-235.
This site was chosen for its proximity to a dredged material disposal area (see Chapter V)
and for the availability of data at the site.

2. To compare the modeled effect of a single dredge event against alternating years of
dredging and non-dredging.

3. To estimate the time that Thalassia testudinum requires to recover between dredging

events.

Results

Dredging in the first year only
If dredging occurs in the first year only, the plants have two years to recover. The simulation
shows that at the end of the third year, the above-ground plant biomass is recovering (Figure 1).
The above-ground biomass at the end of the simulation is approximately 50% of the initial
above-ground biomass and has an increasing trend indicating continued growth. In the second
year of the simulation, the above-ground biomass drops to almost zero as a result of both low
irradiance and high root-zone sulfide concentrations. The maximum root-zone sulfide
concentrations are approximately 2 mM and maximum ammonium concentrations are
approximately 750 uM. Concentrations of root-zone sulfide and ammonium decline throughout

the second and third years allowing the Thalassia biomass to recover. It is also apparent from the
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Figure 1. Underwater irradiance, above ground biomass, root-zone total sulfides and ammonia
for a three year simulation with dredging occurring only in the first year. See Table 1 for the key
between the different curves.

curves in Figure 1 that the model has greatest sensitivity to the root-zone depth (the red, green

and blue curves).

Dredging in alternate years

If dredged material disposal occurs in the same site on alternate years, then Thalassia has a

harder job surviving and will most likely die-off in that area (Figure 2).

The above-ground seagrass biomass starts to decline from the time of the initial dredging event
and at the same time, the root-zone sulfide and ammonium concentrations increase. As with the
first simulation, these concentrations decline during the second year, but unlike the previous
simulation, they increase dramatically in the third year at the onset of the second dredge event.

Although the above-ground biomass appears to be increasing, the decrease in underwater
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Figure 2. Underwater irradiance, above-ground biomass, root-zone sulfide and ammonium
concentrations for a three year simulation with dredging occurring in the first and third years.

See Table 1 for a description of the line types.

irradiance combined with the increase in sediment sulfide and ammonium reverse the recovery
of the plants. After the second dredging event, the maximum sulfide and ammonium
concentrations reached in the root-zone appear to be slightly larger than those following the first
dredging event. This is because the root-zone has insufficient time to reduce these concentrations

to their pre-dredging levels. Additional dredged material deposited on top of the sediments

therefore compounds the existing concentrations.

Discussion

Seagrasses are complex organisms and their response to a nearby dredging event is not simple.
The plants respond to a combination of both irradiance (which drives plant photosynthesis and
growth) as well as sediment sulfide and ammonium concentrations (high values of which are

toxic to the plant). Unfortunately, these two factors are not independent of each other. This is
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clearly seen in the first year in both simulations where the increase in sulfide and ammonium
concentrations occurs in conjunction with the decrease in underwater irradiance. The reason for
this is that the plants use some of the oxygen from photosynthesis to convert the sediment
sulfides into sulfates, which the plant can tolerate more easily. As the underwater irradiance
levels decline, the level of photosynthesis declines and the amount of oxygen generated is
insufficient to keep the sediment sulfide concentrations low. So, not only does the plant suffer
from lower levels of photosynthesis (and hence is unable to grow or even metabolically support
its existing tissues), but it also suffers from increased sediment toxicity. The combination of
these two effects results in seagrass die-off unless the plants can resume their previous levels of

photosynthetic activity.

The reverse of the above scenario allows the plants to recover in the single-dredge scenario
(Figure 1). Normal levels of irradiance in the second and third years lead to increased
photosynthetic activity and declining sediment sulfide and ammonium concentrations. If a
second dredging event occurs before the plants have had time to sufficiently recover, then they
will decline further (Figure 2). It would appear from the simulations that this period is longer
than one year since alternating years of dredging and non-dredging do not appear to allow the
plants sufficient time to recover. Even after two years (Figure 1) the biomass has not returned to
its pre-dredging level and the sediment total sulfide (TS) concentration remains high.
Determining the exact length of time required for the seagrasses to recover is difficult, especially
since the simulation results become less meaningful the longer the period of time being

simulated.

The model results appear to be relatively insensitive to the width of the Thalassia root-zone as
well as to the percentages of reactive and refractory carbon in the dredge material. The model is

sensitive to the depth of the root-zone.

Caveats
Great care has to be taken over the interpretation and use of these model results. There are
several crucial assumptions that have been used in this modeling effort, and each assumption

affects the conclusions in different ways.
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Hydrodynamics and sediment transport

This model was run without input from any hydrodynamic or sediment transport model. This

means that erosion, re-suspension and deposition of dredged material were not realistically

incorporated into the model. This has several important consequences:

1.

The 7 cm layer of dredge material used in this model is incorporated into the sediments.
In reality, some of this material will be re-suspended and deposited elsewhere in the
system thereby reducing the input of new material into the sediment. However, in being
re-suspended, some of this material will contribute to a reduction in the underwater
irradiance thereby reducing the photosynthetic activity of the plant and hence its ability to
pump oxygen into the sediments. This lack of information concerning re-suspension is
overcome to some degree by using the underwater irradiance measured at site PA-235
during a dredging event. The time series contains within it the effects of suspended
material in the water column. However, this does not provide any extra information about
the time evolution of the depth of the dredge material layer.

The lack of information about sediment re-suspension becomes more acute as the length
of the simulation increases. For a one year simulation (as presented in Chapter V) the
availability of detailed irradiance information may in part make up for the lack of
sediment transport data. However, over a period of three years (the length of the
simulations presented here) significant sediment erosion and deposition can take place,
which will not be reflected in the irradiance time series used nor in inputs to the
sediments.

The model as it stands is site specific. At a different location, different currents will
produce differing amounts of sediment re-suspension. The time series of underwater

irradiance will therefore be different from that used in this model.

Results from the hydrodynamic and sediment transport models show that there is little difference

in the underwater irradiance between dredging and non-dredging scenarios. If this is the case,

then greater confidence can be placed in the results of the simulations presented here. However,

the site, PA-235, used in these simulations was close to a dredged material disposal area (see
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Chapter V). The underwater irradiance data used here are most likely inappropriate for other sites
in the Laguna Madre.
Underwater irradiance
The time series of underwater irradiances used in these simulations consists of two parts. For the
years when dredging occurs, the time series developed in Chapter V for site PA-235 was used.
This time series in itself was constructed from time series collected at two sets of stations during
non-overlapping periods of time (see Chapter V for details). For the years when dredging did not
occur, the time series of underwater irradiance collected at station FIX-2 was used. This has the
following implications:
1. The final months of the time series at PA-235 are qualitatively and quantitatively
different from the start of the time series at FIX-2. Underwater irradiance at PA-235
shows a lower mean value and greater oscillations about that mean than does FIX-2 (c.f.
the irradiance between January and April with that between July and October of the first
year in Figure 1). This may be a result of the effects of dredging, or it may simply be a
consequence of yearly differences in the winds. Either way, there is an appreciable
change in mean light levels between the two cases.
2. As with the lack of hydrodynamic and sediment transport information, the use of these
irradiance time series make implications from these model results site specific.
3. The disposal of dredged material occurs at the same time (September) each year in the
simulations. If disposal were to occur at any other time, the time series of underwater

irradiance would be different.

Conclusions
Any conclusions from these models must be taken with the above caveats firmly in mind. In
particular, it must be remembered that the site, PA-235, chosen for the validation and hence for
these simulations, was very close to a dredged material disposal area. Consequently, one cannot
draw generic conclusions about the fate of seagrass beds throughout the Laguna Madre based
solely on the results of the two simulations presented in Figures 1 and 2.

1. The model results appear to agree with long-term field observations at site PA-235. Three

years after the dredge event, seagrass biomass is recovering, with Thalassia above-

ground biomass approximately 50% of the value prior to the dredge event (Figure 1).
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Root-zone sulfide and ammonium concentrations reach maximum, toxic, levels within a
few months of the dredge event after which they steadily decline (Figure 1).

The model demonstrates that seagrasses close to a dredged material disposal area would
die-off if dredging occurred every other year (Figure 2).

A single year between dredge events appears to be insufficient time to allow the
sediments to return to their prior state. What is more, the effects of dredging in alternate
years is additive, so that maximum concentrations of sulfides and ammonium in the
sediment are greater in after the second dredging event (Figure 2).

The results of these simulations indicate that a period of significantly greater than two
years is required for a Thalassia seagrass bed to recover from a dredging event close by.
Exactly how long this period needs to be is hard to determine using the current model.
Seagrasses having deeper root-zones do not recover as readily as those with shallower

root-zones.
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Figure 26. Production model run for Thalassia with 100 days of enhanced water column
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Abstract

The Laguna Madre Seagrass Model (LMSM) is a single component of a suite of models
developed to assist in management decisions concerning maintenance dredging in the Laguna
Madre. The objective of the seagrass component was to be able to predict trends in seagrass
biomass and productivity resulting from changing environmental conditions. In particular, the
model predicts how the plants respond to changes in irradiance that might arise from increases in

suspended material in the water column.

The model was developed for three seagrass species, Thalassia testudinum, Halodule wrightii
and Syringodium filiforme that are found in the Laguna Madre. The model was developed and
calibrated using extensive data sets for the three species. In particular, a 9 year data set of
biomass and hourly light data was used for the Halodule model with smaller data sets being used
for Thalassia and Syringodium (approximately two years for each). The Halodule data set

fortuitously contained a prolonged period during which a brown tide affected the area thus

stressing the plants.

The LMSM is able to reproduce many features of the Halodule data set, including the effect of
light stress on the below ground biomass and the rapid recovery of root and rhizome tissue after
the brown tide disappeared. The Thalassia model reproduces the observed seasonal cycle of the

plants which, unfortunately, the Syringodium model was not able to do.

Simulations using worst-case light attenuation profiles show that the seagrasses are able to
withstand short periods (one to two weeks) of very high water column attenuation. Prolonged
periods of approximately 100 days result in a dangerous decrease in plant biomass at moderate

levels of water column attenuation.
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Introduction

The Laguna Madre Seagrass Model has been developed as part of an interdisciplinary project to
examine the effects of maintenance dredging on the health of seagrass beds. The model described
here is one part of a suite of models developed for the Laguna Madre that include a
hydrodynamics model, a sediment transport model, a water-column light model and a sediment

diagenesis model (Eldridge, Chapter III of this report).

The objective of the modeling effort was to determine the effects of a variety of dredging
scenarios upon the health of seagrass beds. The model will be used as a management tool to
assist in decisions concerning the timing of maintenance dredging and the placement of dredged
material. The separate modules of the modeling effort (the hydrodynamic, sediment transport,
water column light, sediment diagenesis and seagrass models) share information. For example,
the seagrass model described here requires information from the water column light model,

which in turn depends upon input from the sediment transport model.

For the seagrass model, the objective was to provide a model of above and below ground
biomass that would be able to successfully predict trends in seagrass biomass and productivity in
response to external conditions. In particular, dredging activities may affect a seagrass bed in
several ways. The most direct impact of dredging is the placement of dredged material on top of
seagrass beds. In this case, unless this material is removed, the plants will die. A more subtle
effect is the reduction in available light arising from an increase in suspended material. In this

case the effect on the seagrasses will depend upon the severity and duration of the reduction in

light levels.

Any model relies on field data for its formulation, calibration and verification. In the case of
physical models, such as the hydrodynamic model, the basic theory underpinning the model is
known and mathematical formulations (e.g., the Navier Stokes Equations) of the theory are well
established. For biological models this is not necessarily the case and one has to resort to
parameterizing processes using field data. For plant models, some parameterizations are well

established (e.g., those used to represent production as a function of irradiance); others are not on
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such firm ground. Any model which attempts to represent these processes can only be as accurate

as the data used to set up the model.

Existing seagrass models (e.g., Dennison and Alberte, 1985; Kuhn, 1992; Short, 1980; Verhagen
and Nienhuis, 1983) are semi-empirical, being based upon regression analysis of observations
local to the site of interest. Such models work well within the constraints of the data used to form
the model, but may give results with increasing uncertainty for predictions outside of that range.
The model most relevant for our purposes is the Chesapeake Bay model (Kuhn, 1992) which
includes interactions between the plants and the sediments. The Chesapeake Bay Seagrass model
deals with Zostera marina (a species not found in the Laguna Madre) and has interactions
between the plant and water-column as well as the plant and the sediment. Many of these
interactions are parameterized from data collected both in situ in the Chesapeake as well as in the
laboratory. A detailed examination of the model formulations revealed that some of these
parameterizations were not applicable to seagrasses in the Laguna Madre. As a result it was
decided to develop a new model, based on the Chesapeake model, for the three species Thalassia

testudinum, Halodule wrightii and Syringodium filiforme found in the Laguna Madre.

Research on seagrasses is in its infancy compared to that of terrestrial plants. Terrestrial grassland
models (e.g., Hurley Grassland Model (Thornley and Cannell, 1997)) require over one hundred
parameters to be determined before the model can be run. Even then, the model output often
differs from observations by a factor of two or three. Such a detailed model is impossible for

seagrasses given the current state of knowledge about the plants.

Even within the field of seagrass research, not all species have been studied uniformly.
Seagrasses are found throughout the world, and the most studied and modeled species is Zostera
marina, a temperate species. Within this project, we are concerned with the sub-tropical species
Thalassia testudinum, Halodule wrightii and Syringodium filiforme. Of these, the most is known

about Thalassia and Halodule.

The major influences on seagrass growth are however known. The most important of these is
light (Wetzel and Penhale, 1983; Dennison and Alberte, 1985). The surface light field is

attenuated as it passes through the water column; water molecules, algae and suspended solids
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contribute to this attenuation. The plant canopy itself also modifies the light being received by an
individual leaf through shading of one leaf by another (Ross, 1981; Myneni et al., 1989); this
self-shading depends on the canopy architecture as well as the leaf density. A knowledge of the
light field at the depth of the plant canopy provides sufficient information to predict the gross
production of the plant. In order to determine the biomass resulting from such production, one
needs to know how the plant allocates its various resources under differing conditions. The
mechanisms controlling this allocation are generally unknown though some hypotheses and

simple models have been proposed (Wilson, 1988; Thornley and Johnson, 1990; Thornley, 1995).

This chapter describes the Laguna Madre Seagrass Model (LMSM) which consists of the plant
biomass and productivity modules of the modeling effort. The model contains parts that are
common to the three seagrass species being examined, and these are discussed in the next
section. After that, the data needs for the model are discussed. Differences, and their rationales,
in the model for individual species are discussed. Although full model production runs cannot be
made at present, some initial test runs are presented which give a good indication of the range of

behaviors expected. Finally, the model and its predictions are discussed.

The Laguna Madre Seagrass Models in General

The Laguna Madre Seagrass Model has been constructed to allow its application to the three
main seagrass species found in the region (Thalassia testudinum, Halodule wrightii and
Syringodium filiforme). Models for each of the species examined in this project followed the
same general structure (Figure 1) though there are differences between species, especially for
Thalassia. The model computes changes in above and below ground biomass resulting from
changes in the production of the plant; changes in plant production can arise from temperature

effects as well as changes in the light environment.

Plant models generally use either carbon or nitrogen as their currency. The LMSM makes use of
carbon, with required nitrogen concentrations and demands being obtained from measured C:N
ratios of the plant material. Many plant models preferentially follow nitrogen (e.g., Sheehy et al.,

1996) since nitrogen limitation is a crucial aspect for plants. Carbon was followed in this model
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since much of the required information for a nitrogen based model was unavailable. For example,
seagrasses obtain most (if not all) of their nitrogen from the sediments (e.g., Zimmerman ef al.,
1987) through the roots. In order to follow nitrogen uptake by the plant one needs to know the
root biomass of the plant as well as how the specific uptake rate changes with nitrogen
concentration. For both Halodule and Syringodium the plant architecture makes measurement of

the root biomass an almost impossible task.

The inputs to the model consist of initial above and below ground biomass and the irradiance at
the canopy level of the plants. The irradiance used is the photosynthetically active radiation
(PAR) that is incident at the top of the plant canopy. Once this has been determined, the amount
of carbon produced by the plant can be calculated if the photosynthetic response of the plant is
known. Photosynthetic parameters for all three species of seagrass were obtained either through
experiments conducted as a part of this project, e.g., for Syringodium (Major, 1998) or from

published values for Halodule (Dunton and Tomasko, 1994) and Thalassia (Herzka and Dunton,
1997).

Both above and below ground biomasses experience losses through respiration and mortality.
Respiration values for both above and below ground tissue were obtained from literature values
for Halodule (Dunton and Tomasko, 1994) and Thalassia (Herzka and Dunton, 1997).
Syringodium values were obtained from experiments conducted as part of this project (Major,
1998). In the model (Figure 1), the term mortality refers to any mechanism that will lead to a loss
of structural material frorﬁ the plant. Examples include leaf-blade loss through blades dying as
well as through wave action. Values for the mortality rate were not available, but estimates were

used based on field observations.
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Figure 1. General structure of the Laguna Madre Seagrass Model. The model tracks both above
and below ground biomass with transport of material from the above ground to the below ground
compartments. Losses from the system include respiration, mortality and exudation of DOC into
the sediments. The major input to the model is the underwater irradiance from which gross

primary production is calculated.

Carbon used to generate below ground biomass is obtained through translocation from the above
ground photosynthetic tissue. How the plant determines the allocation of this carbon is as yet
only vaguely known, so a detailed model is not possible without an extensive laboratory
program. Measurements that have been made and are available in the literature show a wide
range of transport rates under varying conditions. Wetzel and Penhale (1979) measure less than
1% of the carbon fixed by Thalassia leaves being transported to the roots and rhizomes after 8§
hours of incubation under conditions of saturated oxygen, high light and high temperatures.
Moriarty et al. (1986) measured carbon allocation for Halodule under light saturating conditions.
They found that after 3 hours, between 6% and 26% of the fixed carbon had been translocated to
the roots and rhizomes; after 4 hours, 7% had been translocated and after 6 hours, 28% had been
transported. The lack of available data for transport under various environmental conditions

meant that we had to estimate the translocation rate, the procedure for doing this is given below.
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The root zone exudes both dissolved organic carbon (DOC) and oxygen. Again, insufficient
measurements are available to formulate a detailed model. Brylinsky (1977) measured DOC
release from the whole Thalassia plant under both high light as well as dark conditions. Under
high irradiances, Thalassia exuded approximately 1% of the fixed carbon as DOC; under dark
conditions, approximately 7% of the fixed carbon was released. Moriarty et al. (1986) measured
DOC release amounting to 0.5% of the fixed carbon for Halodule, though as much as 17% of the

fixed carbon found its way into the sediments in one form or another.

Except for Thalassia both above and below ground biomass was modeled; and even in the case
of Thalassia below ground growth was modeled indirectly. Certain parameters required for the
models were obtained from the literature and from work done in association with this project.
Certain parameters however could not be obtained, and these were determined by optimizing the
model against available data sets. This was done by varying the unknown parameters in the

models to obtain the best agreement between the model biomass predictions and the observed

biomass.

The Light Field and Self Shading

Light is the primary input for the plants, determining the rate of carbon production. As light
passes through the water column it is attenuated via absorption and scattering by water molecules
and material (e.g., inorganic solids and phytoplankton) suspended in the water column. Dredging
can affect the light attenuation by increasing the amount of suspended material in the water

column, thereby increasing the attenuation coefficient and hence the light reaching the plant

canopy.

There are several ways to calculate the irradiance received by the plants. For model calibrations
and testing, the measured irradiance at the top of the plant canopy was used. For production runs
of the model either an idealized irradiance or a typical irradiance calculated from surface

observations was used, with details given below.
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For the initial production runs of the model, the surface irradiance has to be determined and then
the propagation of the light through the water column can be calculated once a light attenuation is
given. Two separate surface irradiances were used. The first is a synthetic irradiance determined
from equations governing the amount of light received at a given latitude for both a clear sky and

an overcast sky.

This synthetic light field was produced using simple, standard equations for a clear sky (Kirk,

1994). The solar declination (in degrees) is determined by the empirical equation

S = 039637 — 22,9133 cos(17) + 4.02543 sin (1) - 03872 cos(27) + 0.052 sin(277)

where 1 is the Julian Day Number calculated as an angle in degrees, 1 = 360(Day/365). The
angular distance of the sun above the horizon (the solar elevation, B) at a latitude / and for a time, t

(in hours) is given by
sin (,B ) = sin(¢)sin (5 ) —cos(#)cos (5 )cos(r ) (D
where 1= t(360/24) . The solar azimuthal angle, @, is given by

sin(f)sin(¢) —sin(d)
cos(f)cos(¥)

cos() = @)

The time of sunrise is calculated using (Kirk, 1994)

t = arccos (tan(é) tan(d ))

with the day length (in hours) given by

N = 0.133arccos (~ tan(¢) tan(5))

The irradiance on a horizontal surface by direct sunlight is then
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I,=(S/2f)cos(n/2-f)

where S = 1373 W m™ is the Solar Constant and (/2 - B) is the solar zenith angle. The factor of
1/2 arises from the fact that we are interested in PAR which accounts for about half the solar output

and the factor f (approximately 2, (Kirk, 1994)) from atmospheric attenuation.

The diffuse component of the surface irradiance is harder to model since it is dependent on
meteorological conditions at the site. An approximate, angular dependence for the diffuse

component can be obtained from the Standard Overcast Sky (Monteith and Unsworth, 1990)

1+ Bcos(o)

L) =1,0— %

where 14(0) is the fraction of the clear sky irradiance measured directly overhead, ¢ is the solar

zenith angle and B isintherange 1.1 to 1.4.

The surface of the water is assumed to be flat (i.e., no surface waves) so that the transmission of the
light through the air-water interface is determined by Snell’s Law and Fresnel’s Equations. To a
first level of approximation, waves and white caps have a small impact on light levels (including
their effects leads to about a 10% change, (Kirk, 1994)). Snell’s Law predicts the change in

direction of a beam of light as it passes through an air water interface,

- sin6,) n,

sin(,) n

a

where 0,, 6, are the angles of the light ray from the vertical in air and water respectively and n,, ny
are the refractive indices of air and water. For seawater, the refractive index is 1.33 and for air it is 1
(Kirk, 1994). Fresnel’s Equations determine the proportions of light reflected and transmitted at the

air-sea interface. The reflectance, r, of unpolarized light is

Ssinz(éa -6,) . tan*(6, - 6,)
sin (g, +0,)  tan’(6, +6,)

=
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The reflectance is low for small 6,, increasingly slowly up to about 50°, above which it increases

rapidly.
Attenuation within the water column is modeled using Beer’s Law
1(z) = I(0) exp(—kz)

where z is the depth below the surface of the water. The attenuation coefficient, k, is initially taken

to be constant, though in the later models this will be determined from the sediment transport model

and the water column properties.

A second light field was calculated from observed surface irradiance at site LLM-2 over a period
of about 3 years. Hourly irradiances for a year were calculated by taking the same hour in each
year of the data record and averaging over those values. This results in a year long representative
surface irradiance that includes typical cloud cover, fronts etc. This averaged light record was
used in the production runs of the model presented later in this chapter. A comparison of the

different irradiances used is given in Figure 2.

Given the irradiance at the plant canopy, the gross production of the plant can be calculated.
Production of carbon in plants varies according to the amount of irradiance the plants receive and

several possible parameterizations are available. Two relations between gross production and

irradiance were used:

P=P_ tanh(-;—] 3)

k

ol
P=P_ )

P +(a1)

where P is the maximum gross production of the plant, /, is the saturation irradiance of the

X
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Figure 2. A comparison of daily surface irradiance calculated using a clear sky model (dashed
line), a standard overcast sky (dotted line) and an average of surface observations (solid line).
The clear sky model provides an upper envelope for the surface irradiance but often
overestimates irradiance since local conditions (e.g., cloud cover, marine aerosol concentrations
etc) are not taken into account. The standard overcast sky (dotted line) provides a reasonable
estimate for the lower limit to surface irradiance.

plant and o = P__ /I, . These three parameters were determined experimentally for each plant
species and their values are listed in Table 1. Equation (3) was used for Halodule and Equation
(4) for Thalassia and Syringodium since these were the forms used in the determination of the
parameters (Herzka and Dunton, 1997; Dunton and Tomasko, 1990; Major 1998). The actual
forms for the P vs. I curve for Thalassia used by Herzka and Dunton (1997) were somewhat

more general but measurements of in situ observations were made at only two times of the year.
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As a result, photosynthetic parameters measured for late summer were used in this study with the

simpler form for the P vs. I curve.

So far the architecture of the seagrass canopy has not been taken into account. Leaves can shade
each other, so that an individual leaf will not perceive the full irradiance at that depth in the water
column. In addition, leaves can scatter and reflect radiation, making radiative transfer within the
canopy extremely complicated. Various approximations to full radiative transfer can be made,
depending on the quantities one wishes to calculate. To estimate photosynthesis, the leaves may be
considered black; i.e., they absorb all radiation falling on them without scattering or reflection

(Norman, 1980; Shultis and Myneni, 1988).

To simulate a seagrass bed, a rectangular region was “seeded” with shoots whose positions were
selected randomly (Figure 3). The leaves can be inclined at any angle to the horizontal, but for the
purposes of the simulations presented here, the leaves were assumed to be vertical. For this
simulation, each shoot had only one leaf. Periodic boundary conditions were used to simplify the
problem, making the effective size of the simulated seagrass bed infinite. Average, species-specific

values for the length and width of each leaf blade were used.

The irradiance at the top of the canopy was calculated using Beer’s Law and the direction of the
direct beam light was given by the beam azimuth and zenith angle, calculated from Equations (1)
and (2). To calculate the effects of an individual shadow on the surrounding leaves, a chaining mesh
is formed together with a linked list (Hockney and Eastwood, 1988). This allows the model to keep
track of individual leaves and their neighbors. For a given beam direction, the shadow cast by a leaf

was calculated (Monteith and Unsworth, 1990) (Figure 4).
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Figure 3. An area randomly seeded with plants (open circles). The areas is divided into smaller
rectangles (cells — solid rectangles in the figure) and the plants within each of these cells are kept
track of using a linked list. The center line of the shadow of an individual leaf is shown. Once the
shadow has been determined, a pattern of cells is established and these are searched for those

plants that are affected by the shadow in question.
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Figure 4. The calculation of the shadow. The seagrass blade is inclined at an angle o to the
horizontal and the light is striking the blade at an angle B to the horizontal.

Each leaf, though, will reduce the size of the shadow until either the shadow reaches its proper
length, or the shadow has been used up. The shadow cast by the leaf will impinge upon other
leaves. Using the linked lists, those leaves that are affected by each shadow were found (Figure 3).
The area of each leaf that is shaded by this shadow was calculated and stored. This procedure is
repeated for each plant in the randomly seeded area. At the end of this procedure, the area of each
leaf covered by shadow (taking into account that shadows can overlap) was calculated and stored.

This information was then used to calculate the gross production and the effects of self shading.

Self-shading within the seagrass canopy reduces the light received by the plants and hence the daily
production. The effects of self-shading within the canopy are most noticeable during mid-morning
(about 9 a.m.) and mid-afternoon (about 4 p.m.) with reductions of about a factor of 1.5 in the
productivity (Figure 5 and Figure 6). The extent of the self shading increases with shoot density.
For the simulations shown here (using a canopy geometry similar to Halodule) self shading

becomes negligible for shoot densities below about 1,000 m™ (Figure 7).
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Figure 5. A comparison between hourly Halodule production rates without self-shading (solid
line) and with self-shading (dashed line). The simulation was run for June 21°" with a water
column attenuation coefficient of k = 0.5 m™ and the top of the seagrass canopy at a depth of 1.8
m. The shoot density was 10,000 m The total daily production without self-shading was 0.3
mol C m? d” and with self-shading was 0.23 mol C m>d".
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Figure 6. A comparison of hourly production rates for a Halodule seagrass bed with a shoot
density of 20,000 m™. All other parameters have the same values as in Figure 5.
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Figure 7. A comparison between hourly production rates in a Halodule seagrass bed with and
without self-shading. All parameters are the same as in Figures 5 and 6 except that here the

seagrass shoot density is only 1,000 m>.

Self shading is important for determining the plant biomass, especially at high shoot densities.
Without taking it into account, the seagrasses can potentially increase their biomass to
unrealistically large values. Detailed measurements of the attenuation of light as it propagates
through a seagrass canopy have never been made. This makes the construction of a detailed
canopy light model largely speculation. However, as the above simulations show, self-shading
must be taken into account. So, in order to model the upper biomass limit imposed by the density

of the canopy, we used a logistic term for the productivity
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where C, is the above ground biomass and k is the carrying capacity of the system (i.e., the

maximum above ground biomass that the system can support). The logistic term provides a

feedback between the canopy biomass (C,) (and hence the shoot density) and the production of

the plant.

Temperature Effects

It is well known that rates of physiological processes depend on ambient temperature. For
example, one expects respiration rates to increase with temperature. Often the parameters
describing these processes also depend upon other factors, and isolating the influence of
temperature alone from the available data is difficult. Both in situ and laboratory measurements
have been made of the temperature dependence of gross production and respiration for Thalassia
testudinum (Herzka and Dunton, 1997), Halodule wrightii (Dunton and Tomasko, 1994; Dunton,
1996) and Syringodium filiforme (Major, 1998). Comparison between laboratory and in situ
measurements for Thalassia showed that in situ measurements and whole-plant production
measurements were more realistic than laboratory measurements (Herzka and Dunton, 1997).
Unfortunately, in situ production measurements display the greatest intrinsic variability making
the isolation of any temperature effect extremely problematic. For example, production vs.
irradiance measurements for Halodule in Upper Laguna Madre show the production in January
1990 (at 20 °C) to be more than twice that measured during July 1989 or July 1990 (at 30 °C).

Ones expectation would be for the January measurments to be lower than the July ones.

Temperature effects on physiological processes such as respiration are traditionally modeled
using an Ahhrenius type formulation (e.g., Thornley and Johnson, 1990). Here the effect of
temperature is modeled using an exponential function, R = Roe“™™ where R is the physiological
parameter of concern, Ty is the temperature, Ry 1s the value of the parameter at the temperature

To and k is a parameter. The value of k chosen in this study is that which corresponds to a Qo
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value of 2 (where Q) is an indication of the dependence of the rate in question on temperature

and can be interpreted as the increase in the rate for a 10° change in temperature).

Model Equations

The equations determining the evolution of the above ground (C,) and below ground (Cy)

biomass are:

d
;; = (1-7) P(I) exp(k,AT) C, (1— < ]— R, exp(k,AT) C, —M,C,
K

dc C
dtb =(7-90) P(I) exp(k,AT) C, (1— a )— R, exp(k,AT)C, -M,C,
K
where AT = T(t) — 31 is the temperature difference between the current temperature in the

simulation (T(t)) and a reference temperature at which the photosynthetic and respiratory

parameters were measured (in this case 31 °C). The current temperature is given by

27t _7))
365 2),

T(t)=21 +9.0(sin(

and was determined by a fit to observed water temperatures in the Laguna Madre (Brown and
Kraus, 1997), with ¢ being the day number. The parameter ko = 0.07 and was chosen to represent
a value of Qo = 2. The function P(I) is given by either Equation 3 or Equation 4 depending on
the species in question. The parameters R, and M, represent above and below ground plant
respiration and mortality respectively. Parameters 1,0 and K are determined in the model
calibration and represent respectively the rate of material transport from above to below ground

tissue, the rate of DOC release into the sediments and the carrying capacity.

The Thalassia model contained the below ground component only implicitly. For Thalassia no

below ground equation was used, so that the only parameters that had to be estimated were T and

I-22



K. The estimates one obtains for T can be expected to be approximate in this case since below

ground processes such as exudation of DOC are not accounted for.

Data Requirements and Availability

A model of any natural phenomenon, be it seagrass growth or water currents in a bay, depends
heavily on data. Data are required for the formulation of the model since one needs to know what
it is that has to be explained. For many models, mathematical expressions of the mechanisms
underlying the processes being modeled are unknown. In these cases, data are required for the
parameterization of these processes. Lastly, data are required in order to test the model against
reality. The degree to which the model represents reality therefore depends upon the accuracy of
the data used to formulate and validate the model. If the data used are an accurate representation
of reality, then comparisons between data and model results can be made with some confidence.
If accurate data are not available, then identifying those areas in the model which need to be

improved becomes harder.

Many processes contribute to the production of seagrass biomass. Mechanisms and models for
most of these are as yet undetermined. Therefore, only those processes that have the largest effect
on the seagrasses can be taken into account. To set up the model and parameterize it, data on the
above and below ground biomass of the plant are required as well as the canopy level light field
measured at the same place and over the same period. Once the models have been developed,
only initial above and below ground biomasses are required along with time series of irradiance

at the surface of the water and attenuation of light in the water column.
Biomass and Irradiance

The longest relevant data set available to us was for Halodule wrightii. These data were collected
at the site LM151. This was a nine year data set, during which the plants were heavily affected by
a brown tide (aurcoumbra lagunensis (DeYoe et al., 1997)) which was found in the Laguna

Madre between 1989 and 1997. Light levels showed a dramatic decrease between 1989 and
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1995; peak underwater irradiance reached almost 40 mols m™? d”' during 1989 and about 15 mols
m? 4! during 1995. Underwater light levels increased rapidly in 1996 and 1997 giving peak
values of approximately 34 mols m? d"' in 1997 (Figure 8). Both above and below ground
biomass showed a response to these changing light levels, with the more dramatic response being
a decrease in the below ground biomass. Possible explanations for this decrease in below ground
biomass include: a decrease in transport of carbon from above to below ground such that dying
below ground tissue was not replaced sufficiently fast to maintain the below ground biomass; the
plant made use of material stored in the rhizome to supplement its carbon production under
conditions low light. For Thalassia (Lee and Dunton, 1996), the amount of stored soluble
carbohydrate available for use by the plant amounts to only about 10% of the rhizome biomass. If
this result also applies to Halodule, then there would appear to be too little storage material to
account for the large changes in below ground biomass. Between 1989 and 1992, biomass
samples were taken approximately every two months. After 1992, the sampling rate dropped to

four (or less) samplings in a year. (Figure 9)

I-24
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Figure 8. Underwater irradiance at the level of the seagrass canopy for site LM-151 (Halodule
wrightii). The light levels show the effect of the brown tide that affected Upper Laguna Madre
between 1989 and 1997; light levels begin to return to normal in 1996 with a continuing recovery

to almost pre-brown tide levels in early 1997.
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Figure 9. Observations of above and below ground biomass for Halodule wrightii taken at the
site LM-151 (Dunton, personal communication). The time series spans a period of almost 9
years, from 1989 to mid 1997. Both above and below ground biomass time series show the
impact of the brown tide with decreased biomass from 1992 onwards. Interestingly, the below
ground biomass is affected to a greater extent than the above ground, and also recovers faster,
returning to its pre-brown tide level within two years.

The Thalassia data set used to develop the model was obtained by J. Kaldy at site LLM2 (Kaldy,
1997). This data set consists about two years of data (1995-1996). The peak light levels in 1996
were almost twice as great as those in 1995. Both above and below ground biomass was
measured at approximately monthly intervals and was reasonably uniform throughout the period.

In spite of the change in light levels between the two years, this site showed no influence of
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brown tide. Unlike the Halodule data set, the Thalassia data set contained no information on the

behavior of the plants during periods of light limitation.
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Figure 10. Above and below ground biomass for Thalassia testudinum collected over a two year
period (1995-1996) in Lower Laguna Madre (Kaldy, 1997). The continuous curve is a spline
curve fitted to the data as a visualization aid. Both above and below ground biomass
compartments show non-seasonal fluctuations, with the magnitude of changes in the below
ground compartment at times being more than 500 gdw m’* over a month (i.e., the below ground
biomass almost doubling in 30 days — e.g. August and September 1995).
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Underwater Irradiance at LLM2 (1995 - 1996)
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Figure 11. Underwater irradiance at the canopy level in a Thalassia testudinum seagrass bed in
Lower Laguna Madre collected during 1995-1996 (Kaldy, 1997). Not only is the seasonal signal
in the irradiance apparent, but also the difference between the two years is striking. In
comparison with the light levels recorded at the Halodule site, there was no brown tide affecting

the area.
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Figure 12. Above and below ground biomass for Syringodium filiforme collected in Lower
Laguna Madre from April 1996 through August 1997 (Krull, 1998). The curve fitted to the data
is a simple spline to assist in visualization. The below ground biomass exhibits strong
fluctuations during the period April to August 1996 (c.f. measurements of Thalassia below
ground biomass), after which both the above and below ground biomass change smoothly. The
fluctuations in the below ground measurements are not repeated during the same period in 1997.
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The Syringodium model was developed using data obtained by C. Krull (University of Texas, Pan
American) from site C in Lower Laguna Madre (Krull, personal communication, unpublished
data). This consists of a 16 month time series of above and below ground biomass - the below
ground biomass was not divided into root and rhizome tissue. The light data were the same as for

Thalassia.

All three biomass data sets exhibit fluctuations. For the above ground Halodule biomass these
are primarily seasonal fluctuations; fluctuations in the above ground biomass follow fluctuations
in the light field. For example, during the summer of 1991, the underwater irradiance drops from
about 15 to below 5 mols m™> d' and the results of this can be seen in both the above and below
ground biomass records. A similar correspondance can be seen in the Thalassia data, though the
larger irradiances recorded in 1996 do not appear in the biomass records. This is probably due to
the fact that at these light levels the plants are healthy and light saturated (implying that an
increase in light level does not translate to an increase in production and hence biomass). This
indicates that light is the controlling factor in determining seagrass production and hence

biomass. This agrees with the conclusions of other researchers (e.g., Dennison and Alberte,

1985).

The Syringodium biomass data also exhibited large fluctuations, but only in the first half of the
time series. As in the case of Thalassia the changes in biomass associated with some of these
fluctuations were greater than the gross production of the plant. Curiously, the fluctuations in
above and below ground Syringodium biomass occur only between April and August of 1996.

After that, the biomass follows a smooth curve, even during the same period in the following

year.

The hourly light data did not form a complete record, but contained gaps — mostly of an hour or
two, but occasionally lasting for more than a day. These gaps were filled using irradiance

measurements taken from the record directly preceding the gap.

The high sampling frequency of the Thalassia biomass reveals strong fluctuations particularly in
the below ground component. The below ground biomass can fluctuate by as much as 40%

within a month (c.f. the period between January and May 1996); in fact, these below ground
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fluctuations are greater than can be supported by the gross primary production of the plant.
Various attempts were made to smooth the data using a variety of numerical filters, but none
produced results that could be successfully modeled. These rapid biomass fluctuations do not
appear to be reflected in thg availabilty of light but rather arise from the inherent inhomogeity of
the biomass distribution. This inherent heterogeneity prevents modeling the Thalassia below

ground biomass.

The standard method employed, by all seagrass researchers, to determine plant biomass is to take
a number of cores from a region and measure above and below ground biomass in all the cores.
This strategy rests on the hope that the number and size of cores being taken leads to a
representative estimate of plant biomass in the seagrass bed. Each seagrass bed exhibits some
degree of natural heterogeneity which can lead to sampling problems. Heterogenity in the below
ground architecture of Thalassia results from the presence of large rhizomes with a smaller root
system. The below ground biomass of these plants is dominated by the rhizome (Lee and Dunton,

1996; Kaldy, 1997) and yet this tissue is not uniformly distributed horizontally throughout the

sediments.

The inherent heterogeneity of a seagrass bed also hinders the accurate measurement of biomass.
Most of the biomass data used in developing the Laguna Madre Seagrass Model were collected
using between two and four cores for each measurement. A series of 10 cores collected at the
same Thalassia site reveals the problem of heterogeneity (Kaldy and Burd, 1998). Figure 13
shows the cumulative averagé total plant biomass for the sequence of 10 cores. As thé number of
cores contributing to the calculated average biomass in the seagrass bed increases, the plant
biomass asymptotes to a constant value. This would indicate that at least 10 cores are required to
accurately determine the average biomass within a Thalassia bed. The standard deviations of the
average measured values increase rapidly from 1 to 4 cores, and remains constant between 5 to
10 cores. This indicates that there is some inherent heterogeneity in the seagrass bed, though after
5 cores, the individual cores can be regarded as being statistically independent. The range of the
standard deviations however covers a two-fold range. These large standard deviations imply that
any measurement of Thalassia biomass is only accurate to plus or minus 50%. For example, a

Thalassia biomass measurement of 800 gdw m” may correspond to a biomass lying between
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approximately 550 and 1050 gdw m™. Both the plant heterogeneity and sampling inadequacies

are also manifested in the shoot density fluctuations.
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Figure 13. Biomass calculated from a sequence of 10 cores taken at the same site of a Thalassia
bed. The estimate of biomass for each core number is calculated as the accumulative average of
all preceding cores including that one. The average values (indicated by squares) appear to
asymptote to a value of approximately 800 gdw m™. However, the standard deviations of the
accumulated sum do not decrease as the number of cores increases. This indicates the presence of
an inherent inhomogeneity in the seagrass bed which the coring device is too small to average
over (Kaldy and Burd, 1998).
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Figure 13 shows that to accurately sample the seagrass biomass requires at least 10 cores for each
measurement. Sampling of this magnitude would probably severely impact (perhaps even

destroy) the seagrass bed being studied.
Physiological Parameters

Plant production of carbon depends on the irradiance at the depth of the plant canopy and on the
response of the plant to the irradiance. The latter is determined experimentally by producing a
relationship between gross production (P) and irradiance (I). This is done by fitting the data to an
appropriate functional form to determine the maximum production (Pmax) and the saturation
irradiance (Ig). These parameters were determined for each species and their values are given in

Table 1.

Plant respiration rates are required if net production is to be calculated. Respiration rates for
Thalassia, Halodule and Syringodium for both above and below ground material are also given

in Table 1.

The model determines the change in biomass by calculating the residual between carbon
production from photosynthesis and a variety of loss mechanisms. These losses include
respiration, mortality, and exudation of DOC into the sediments by below ground tissues. Values
for the specific respiration of the plants were obtained from the literature and from experiments
performed as part of this project. Mortality rates represented a loss of carbon to the seagrasses
through, for example, loss of leaves and death of root/rhizome tissue. This has never been
measured though some estimates can be made from field observations. Estimations of above and

below ground mortality are given in Table 1.
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Halodule Thalassia Syringodium
Prax (Rmol O, gdw™ ) | 422 195 308
I (umol m?s™) 319 281 149
R, (umol O, gdw' h") | 41.5 35 33
R, (umol O, gdw™ h!) 16.1 NA 9
M, (d") 0.004 0.0052 0.004
M, (d) 0.0004 NA 0.0004

Table 1. Photosynthetic, respiratory and mortality rates used in the seagrass models.
Photosynthetic and respiratory parameter values for Halodule were taken from Dunton and
Tomasko (1994) and Dunton (1996), Thalassia values from Herzka and Dunton (1997) and
Syringodium values from Major (1998). In all cases mortality values were estimates (Dunton,
private communication; Kaldy private communication). Ry, and Rye are the above and below
ground respiratory rates, Ma, and Mg, the above and below ground mortality rates.

Seagrasses absorb nutrients primarily through their root system (e.g., Zimmerman et al., 1987).
Seagrass nutrient uptake depends on several factors including the root biomass, the substrate
nutrient concentration, the nutrient requirements of the plant and the kinetics of the uptake
process; the latter is required to calculate the rate at which the plant takes nutrients from the
sediments. Only minimal information concerning the nutrient uptake rates of the seagrasses being
studied was available. In addition, the lack of information about root biomass for Halodule and

Syringodium meant that no nutrient uptake component could be incorporated into the model.

The below ground biomass of seagrasses consists of root material and rhizome material. The

rhizome material is used chiefly for storage and anchoring the plant; the root material, and in
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particular the root hairs, are primarily associated with nutrient uptake (Barnabas and Arnott,

1987; Roberts, 1993).

In order to parameterize the model, a constrained optimization routine was used to perform a
least squares minimization between the data and the results from the model. This procedure was
carried out using Matlab™ and the Mathworks Optimization Toolbox. Different tolerances and
optimization parameters were used in multiple trials in order to obtain the best agreement

between data and model results.

The Halodule Model

The Halodule model was based upon a 9 year time series (Dunton 1996; Dunton unpublished
data) of above and below ground biomass collected at site LM 151 (Figure 9). The time series
extended from 1989 through mid 1997 during which time the effects of a brown tide are evident.
Light data were also collected at the site over the same period of time (Figure 8). The brown tide
affects the light and biomass data from 1990/1991 up until early 1997; this has both advantages
and disadvantages. The advantages are that there exists a data set of biomass (both above and
below ground) and irradiance collected during a protracted period of light stress. The
disadvantages are that only one year or so of data were collected under normal conditions, and

there are no data on the change in physiological parameters associated with the light stress.

The Halodule model was parameterized in the manner described above with the 1989/1990 part
of the data set. These data were relatively unaffected by the brown tide and can be assumed to
represent the plant under normal conditions. After model parameters were determined, the model
was run in a predictive mode using the first biomass measurements as initial conditions and
being forced with the 9 year light time series. The output from this model was then compared

with the above and below ground biomass that was measured. The results of this experiment are

shown in Figure 14.
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Figure 14. Comparison of 8 years of the Halodule wrightii data set with the model. The model
was calibrated using data from 1989 and was then forced with the irradiance data for 1990-1997.
The model captures the decline in biomass resulting from the brown tide. The model also
reproduces the recovery of the below ground biomass at the end of the brown tide between 1996
and 1997. The symbols correspond to data points and the dashed line to the model results.
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The model tracks trends in the observed data quite well. In particular, the effects of the brown
tide are apparent in both above and below ground biomass numbers produced by the model.
What is more encouraging is that the model also tracks the rapid recovery of both the above and
below ground biomass at the end of the brown tide in 1996/1997. The seasonal signal in above
ground biomass is present, and its effects can be seen in the below ground biomass as well.
Whilst the model tracks the below ground biomass reasonably faithfully, the model under-
predicts the above ground biomass during 1990/1991 and over-predicts the above ground

biomass in 1997.

The Thalassia Model

The Thalassia model was parameterized using a two year data set collected by J. Kaldy (Kaldy,
1997) during 1995-1996. This data set was collected at the LLM?2 site and was unaffected by
light limitation. In fact, the plants were light saturated for the two year period. This is good
news for parameterization purposes but does not provide a good validation of the model. The
model was parameterized using the first year of the data (Figure 15) and then validated against
the second year of the data (Figure 16). The Thalassia model only considers the above ground
biomass explicitly for the reasons given above, otherwise the model is similar to the Halodule
model. The model agrees well with 1996 data, showing the approximate doubling in above

ground biomass between January and February (Figure 16).
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Optimization to 1995
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Figure 15. Parameterization of the Thalassia model against the 1995 data set. Only the above
ground biomass is used in the Thalassia model. The model shows a clear seasonal signal .
Symbols represent observations and the dashed line the model results.
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Model Comparison for 1996
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Figure 16. Verification of Thalassia model against the 1996 data set using the calibration
showed in Figure 11. Symbols represent the observed biomass and the dashed line the model

results.

The Syringodium Model

The Syringodium model was identical in structure to that used for Halodule. Unfortunately, less
than 18 months worth of data were available. For this model, parameterizations attempted
without smoothing the data led to failure of the optimization procedure. In order to successfully
parameterize the model, the biomass data were smoothed using a 3 point convolution. The best

fit to the observations is shown in Figure 17.
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Figure 17. Calibration of the Syringodium filiforme model using part of the Syringodium data
set. The model does not capture the seasonal cycle in the data and has the above ground biomass
asymptoting to zero. The model for the below ground biomass shows a steady decline after a
maximum in summer of the first year. Symbols represent the observations and the dashed line the

model results.
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The resulting parameterized model does not perform well in following the observed biomasses.
The seasonal signal in both the above and below ground biomasses is absent, and the model
shows the above ground biomass asymptoting to zero, whereas the observations show above and
below ground biomass increasing in the first part of the second year. The below ground biomass
observations show a clear seasonal signal, with high biomass in the summer and lower biomass

in the winter. This is only hinted at the in the model results.

A summary of the parameter values found for the calibration of each species is given in Table 2.

Halodule Thalassia Syringodium
K 20.0 5.49 27.76
T 0.34 0.125 0.89
b 0.001 NA 0.11

Table 2. Model parameter values obtained in the calibration of the model with data for each of
the species. The units of T and J are d" and the units for k are mol C m™.

The Halodule model produced a minute small amount of DOC exudation which must be
compared with the relatively large (~10% of gross primary production) that the Syringodium
model produced. The carrying capacities of both Halodule and Syringodium were significantly
larger than that for Thalassia. The above ground biomass of Halodule and Thalassia are similar,
yet Thalassia has to support a larger below ground biomass and this may account for the smaller
carrying capacity. The transport coefficients for Halodule and Thalassia are both reasonable (c.f.
Wetzel and Penhale, 1979; Moriarty et al, 1986), but that for Syringodium appears to be

unrealistically large.
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The Production Model

Without detailed sediment transport and aquatic radiative transport models, the effects of
dredging upon the irradiance experienced by the plants is hard to determine. In order to examine
the effects of dredging on the health of seagrass beds, the models derived above for the three

seagrass species were run with varying values and duration of the attenuation coefficient.

The observed attenuation coefficient (k) in the Laguna Madre varies seasonally and
geographically. In Upper Laguna Madre (site LM-151) over a period from 1989 to 1993, an
average value of k ~ 1 m’ was measured with values occasionally getting as high as 2 m™ for
short periods of time (Dunton, 1994). In Lower Laguna Madre (site LLM-1) between April 1996
and February 1997 the attenuation coefficient was highly variable on a daily basis. Values
between June and November 1996 averaged about 2 m™ with daily excursions as high as 4 and 5
m’ (Dunton, 1997). Elsewhere in Lower Laguna Madre (LLM-2), the attenuation coefficient was
almost constant at an average value of approximately 0.5 m™', with rare daily excursions to values
as high as 5 m” (Dunton, 1997). During 1994/1995, attenuation coefficients during dredging
activities fluctuated between k=2 m™ and 7 m™' with the higher values continuing through the

summer (Brown and Kraus, 1997).

For the simulations shown here a representative baseline attenuation coefficient of k = 1m" was
chosen; attenuation coefficients of 2, 4, 7 and 9 m’" were superimposed on this. These values
were taken as covering a representative range determined from Dunton (1994, 1997) and Brown
and Kraus (1997). These larger attenuation coefficients were imposed for times of 7, 14, 28 and

100 days. The increased attenuation coefficients started in late spring on day 150.

For each of these conditions, the model was run for a period of a year and the biomass
distribution determined. The health of the seagrass bed was determined qualitatively by
observing whether the seagrass biomass at the end of the year was greater, the same as, or less
than the biomass at the beginning of the year. These exploratory production runs were made only
for Thalassia and Halodule since the model parameterization for Syringodium was not to the
same standard. Syringodium is similar to Halodule in many respects and so one might expect

behavior similar to that obtained from the Halodule model (Dunton, personal communication).
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Results
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Figure 18. The baseline Halodule wrightii production model. This model uses the calibrations
determined in the previous section and is forced with the surface irradiance assembled from
surface observations and shown in Figure 2. In this, and the subsequent four sets of graphs, the
dashed line represents the below ground biomass component and the solid line the above ground
biomass. The water column attenuation in this baseline run is set to k = I m™' throughout the
whole simulation; i.e., there is no increase in water column attenuation due to dredging activities.
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Figure 19. Production model run for Halodule wrightii with one week of enhanced water column
attenuation of various levels. In each panel the dashed line represents below ground biomass, the
solid line above ground biomass and the dotted line the attenuation coefficient.
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Figure 20. Production model run for Halodule with two weeks of enhanced water column
attenuation of various levels. In each panel the dashed line represents the below ground biomas,
the solid line the above ground biomass and the dotted line the water column attenuation

coefficient.
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Figure 21. Production model run for Halodule wrightii with 50 days of enhanced water column
attenuation of various levels. In each panel the dashed line represents the below ground biomass,
the solid line the above ground biomass and the dotted line the water column attenuation
coefficient.
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The model indicates that Halodule wrightii can successfully withstand short period (one to two
weeks) of quite high water column attenuation (i.e., conditions of low light) without significant
change in biomass. The initial above and below ground biomasses for the Halodule model were
106 and 233 gdw m? respectively; the final biomasses in the Halodule baseline model run
(Figure 18) were 187 and 311 gdw m™ respectively. The final below ground biomasses for one
and two weeks of enhanced attenuation varied between 274 and 296 gdw m™, and the above
ground biomasses between 164 and 179 gdw m™. Whilst lower increases in biomass are seen

with the increased attenuation, the decrease does not threaten the survival of the plant.

The situation for Halodule is not so clear with 50 days of increased attenuation (Figure 21). The
final below ground biomasses vary between 228 and 249 gdw m™, in the same range as the initial
above below values. The above ground biomass appears to fare better, with year-end values
between 138 and 150 gdw m™. For this duration of enhanced attenuation, the model predicts that
the overall plant biomass remains approximately constant between the begining and the end of

the year. Presumably the plants will recover easily.

Increased attenuation coefficients for a period of 100 days have a dramatic effect on Halodule
(Figure 22). Above ground biomasses at the end of the year range from 22 to 45 gdw m™> a
decrease of up to 80%. The below ground biomass does not suffer so much, with year-end

biomasses ranging between approximately one third and one half of the initial value.

Similar results hold for Thalassia testudinum. Short periods of one to two weeks of increased
water column attenuation do not irreparably harm the plants (e.g. Figures 19 and 20). Decreased
light at the plant canopy lasting approximately 100 days or more does have a significant impact
on the biomass, with final above ground biomasses being approximately the same as those at the

start of the simulation (Figure 26).
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Figure 23. The baseline Thalassia testudinum production model. This model uses the calibration
determined in the previous section and is forced with the surface irradiance assembled from
surface observations (shown in Figure 2). Like the Halodule wrightii baseline model, the water
column attenuation is set to k= 1 m™ throughout the baseline simulation.
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Figure 24. Production model run for Thalassia testudinum with one week of enhanced water
column attenuation at various levels. In each panel the solid line represents the above ground
biomass and the dotted line the water column attenuation coefficient.
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Figure 25. Production model run for Thalassia testudinum with 50 days of enhanced water
column attenuation coefficient. In each panel, the solid line represents the above ground biomass
and the dotted line the water column attenuation coefficient.
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Figure 26. Production model run for Thalassia testudinum with 100 days of enhanced water
column attenuation coefficient. In each panel, the solid line represents the above ground biomass
and the dotted line the water column attenuation coefficient.
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Discussion

The objective of the seagrass modeling effort was to provide a computer model that would
indicate the effects of various dredging scenarios on the long term health of the seagrass beds in
Laguna Madre. Light is the primary factor in determining the productivity and health of the
seagrass beds and dredging activities can affect the light attenuation in the water column, thus
affecting the seagrasses. Although the model presented here demonstrates that over the course of
a year seagrass beds can withstand short periods of very high attenuation, these results should be

interpreted with some degree of caution.

The development of a quantitative model requires a mathematical description of the processes
being modeled. The mathematical representation of fluid flow (the Navier Stokes equations) is
well known and its predictions compared with observation over many decades. There are few, if
any, similar mathematical formulations for the processes involved in plant growth. Plant
productivity as a function of incident irradiance can be represented using one of a number of
standard semi-empirical curves (e.g., Thornley and Johnson 1990). Similarly, the temperature
dependence of most metabolic processes is modeled using a Boltzmann exponential function.

Beyond this, there are few firm models.

The construction of these mathematical formulations requires the analysis of data sets. Broad
principles, such as the conservation of mass and the law of mass action, help in developing these
formulations. Unfortunately, for seagrasses there is a lack of detailed data covering a wide range
of environmental conditions. Mathematical models describing various processes can be

formulated, but without the data to support them they must remain hypotheses.

The architecture of the plants hinders making accurate measurements using current sampling
strategies. Thalassia testudinum has thick rhizomes which can strongly bias any determination of
below ground biomass using coring methods. This bias is probably responsible for the strong
fluctuations seen in the measured below ground biomass. Halodule wrightii and Syringodium
filiforme suffer from a different problem; the root tissue consists of fine hairs and it is practically

impossible to separate out root biomass from rhizome material. For all three species examined,
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the plant architecture makes accurate determination of the components in the below ground

biomass very hard.

Once a model has been formulated it needs to be calibrated against an existing data set. In this
case, for each species the model was calibrated using a biomass data set. If this biomass
represents the real seagrass biomass to within a factor of two or three, then additional uncertainty

1s introduced into the model.

What confidence can we have in the results from the seagrass model as it stands? This is a
difficult question to answer quantitatively, partly for the reasons given above. The most extensive
tests were made with the Halodule version of the model. The biggest feature in this data set is the
decline in both above and below ground Halodule biomass as a result of the brown tide. A
similar effect is seen in both the above and below ground biomass predicted from the model
(Figure 14). The model successfully tracks changes in biomass resulting from long term
decreases in the availability of light. Before the onset of the brown tide, the model is generally
under predicting both above and below ground biomass by a factor of 2 or 3. The model
accurately reproduces the recovery of the below ground biomass after the end of the brown tide,

but over-predicts the above ground biomass again by about a factor of 3.

So far we are unable to explain the asymmetry between pre and post brown tides for the above
ground biomass. One possibility is that the plants’ physiological parameters (such as specific
respiration, transport etc.) might change when they experience dramatic changes in ambient
conditions. If this is the case, then one might hope that if continuing observations were available,

the model and observations would converge again.

Alternatively, some of the parameters that are taken as being constant in the model may actually
change with external or internal factors. For example, the rate of release of dissolved organic
carbon into the sediments is taken as being a constant proportion of gross primary production.
This may not be so, and the plant may exude varying proportions of DOC into the sediments
according to external environmental conditions or the health of the plant. Without knowing more

about how the plants respond to environmental stresses we cannot say for certain which

hypothesis (if either) is true.
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The Thalassia model is based on data taken during a time when the plants were not suffering any
stresses. Therefore, the biomass measurements display a response to only the seasonal changes in
the irradiance. The model does likewise. This is in many ways unsatisfactory since the aim of the
model is to examine and predict the response of the plants under stressed conditions arising from
maintenance dredging. Any changes in physiological parameters arising from external stresses
are not included in the model since the model was calibrated under ideal, as opposed to stressed

conditions.

The model for Syringodium filiforme is disappointing. The best model calibration does not
reproduce the observed biomass, but instead gives an almost exponentially decreasing biomass.
The large value of the transport coefficient (T = 0.89) indicates that the optimization model wants
to place most of the carbon produced by the plant into the below ground tissue. This is not
surprising once it is acknowledged that the fluctuations in the plants’ below ground biomass

control the calibration procedure.

The water column light model used in the model to date uses only photosynthetically active
radiation (PAR). Zimmerman and Mobley (1997) have convincingly shown that PAR models
over-estimate the plant production and that spectral models should be used. The information
being collected in the project addendum (Cifuentes ef al., 1997) should help in addressing this

problem for the Laguna Madre Seagrass Model.

The Halodule and Thalassia models were verified using the same data sets that were used to
calibrate the models. In each case, separate parts of the data sets were used for the calibration and
verification. This situation is not satisfactory since the model has not been tested against intra-
site variations. One would hope that these would not affect the long term responses of seagrasses

to stresses resulting from dredging activity.

The biggest unknown factor in the models is the allocation of material within the plant. The
carbon produced by photosynthesis occurring in the above ground compartment finds itself in
both above and below ground biomass. There is very little information about the mechanism that
plants use to allocate their resources. This is true even for terrestrial plants. Some tentative

models have been proposed (see Wilson, 1988) and these have been incorporated into larger
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grassland models. The allocation models themselves however have not been rigorously tested
against observations. In addition, physiological adaptations (e.g. the presence of lacunae) by

seagrasses to the marine environment may make these models inapplicable.

Without self-shading, the net daily production for Halodule varies between about 43 and 26 mg C
(gdwt leaf)’ d”. Above ground biomass densities for Halodule vary between 40 and 115 gdwt m?
(Tomasko and Dunton, 1995). If these densities correspond approximately to the maximum and
minimum production rates, then the simulation gives net daily production rates between 0.38 and
0.08 mol C m™? d™'. Observed values in the Laguna Madre lie between 0.44 and 0.04 mol C m™ d’
(Tomasko and Dunton, 1995). The model is predicting values which are close to those observed.
However, the growth module of the model has yet to be implemented, nor was the canopy

architecture taken into account in this version of the model.

The light received by the photosynthetic parts of the leaves depends on the light propagating
through the water column as well as the structure of the plant canopy (Ross, 1981; Myneni et al.,
1989). The self-shading contribution to the light attenuation will depend on the number density
of leaves as well as on their shape and size. For Halodule wrightii, shoot densities can get as high
as 10,000 m™ (Dunton, 1996). For such densities, the plants self shade each other for most of the
day; only around solar-noon is the self-shading negligible (Figure 8). For plant densities of 1,000
m the separation between individual plants is sufficient to make self shading negligible (Figure
9). Shoot densities of 20,000 m?, self shading reduces the daily production by one third (from 0.3
to 0.2 mole C m? d! (Figure 9). For shoot densities as low as 1,000 m?, the effects of self-
shading on hourly production are negligible (Figure 10). Shoot densities measured over a six year
period (1989 to 1994) show shoot densities averaging approximately 6,000 m™ only dropping as
low as 2,000 m? in 1994. This indicates that for Halodule wrightii self-shading is a dominant
factor in determining the upper shoot density of the plants. An important adaptation of seagrass

beds to increased water column attenuation would be to decrease plant areal coverage.
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Conclusions

A model for the production and biomass of seagrasses in the Laguna Madre has been constructed.
The model works well for Halodule wrightii, showing the decline in above and below ground
biomass during the brown tide and the recovery of the plants biomass after the brown tide had
disappeared. The model for Thalassia testudinum is less complete in that a meaningful model
incorporating below ground biomass was not found. The model for Syringodium filiforme
performs the worst of the three models. The Halodule and Thalassia models are able to
successfully predict seasonal cycles in the plant biomass and trends in the biomass distribution

resulting from changes in the light environment.

The formulation, development and parameterization of these models relied heavily upon data and
to a large extent the quality and quantity of this data determines the accuracy of the models. The
best data set, in terms of duration and data quality, is that used for the Halodule model and it is

therefore no real surprise that this model performs better.

The data set of Thalassia biomass suffers from significant fluctuations over short periods of time.
Fluctuations in the below ground component are due in part to the inhomogeneity of the below
ground architecture. Fluctuations in the above ground component appear to arise from
inhomogeneities in the above ground biomass on scales larger than the coring device. A more
extensive verification of the models should be performed so that their accuracy can be assessed

and limitations in the models identified.
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Abstract

Much of our understanding of seagrass physiology is based on crude estimates of production and
biomass. To better understand the complex physiological relationships between the plants and the
environment we developed a model of carbon and nitrogen allocation in Thalassia testudinum
plants from Lower Laguna Madre, Texas. This optimization model is composed of linear
equations and inequality constraints which describe material flows between the seagrass tissues
(e.g., leaf, short shoot, and roots/rhizomes) and the environment (e.g., water column and
sediments). Model results showed that carbon fixed in the leaves (i.e., primary production) was
partitioned equally between growth of leaf and non-photosynthetic tissues, with the greatest
proportion of non-photosynthetic material going to the root and rhizome tissue. The below-ground
growth/storage rate was about 30% lower than above ground growth even though there was 5 times
more below-ground tissue than leaf tissue. Losses from the leaf compartment were primarily a
result of old leaf material sloughing off to form detritus. Continued loss of leaf detritus in the
autumn and winter, when gross primary production is low would account for the yearly cycles in
leaf biomass. Losses as a percent of carbon allocated to below-ground tissues were equivalent to
those in the leaves but were predominately in the form of dissolved organic material (DOM). The
relatively constant year round biomass of below-ground seagrass tissue would suggest that the

DOM loss rate must be directly tied to seagrass primary production.

Nitrogen was preferentially allocated to leaf growth, consequently, below-ground tissues had high
C:N ratios. The model predicted high C:N ratios for leaf detritus which was confirmed with
preliminary quantitative analyses. Furthermore, the model predicts that DOM released below-
ground will be nearly depleted of nitrogen. We suggest that Thalassia testudinum conserves
nitrogen resources through translocation from old leaf tissue (i.e., internal recycling) and

preferential release of nitrogen depleted DOM from below-ground tissue.




Introduction

The development of energy balance models (Short, 1980; Wetzel and Neckles, 1986; Dennison and
Alberte, 1986; Zimmerman et al. 1994; Herzka and Dunton 1997) have helped to establish
relationships between seagrass distribution and light availability by estimating relative rates of
productivity and respiration (Denison and Alberte 1985, Denison 1986, Fourqurean and Zieman
1991, Kenworthy and Fonseca 1996, Lee and Dunton 1996, 1997, Herzka and Dunton 1998, Kaldy
& Dunton in press). Other models have been developed to assess how carbon concentration
changes in response to variations in the light environment (Zimmerman et al., 1995; Chapter I).
Those modeling strategies examine temporal scales over which light attenuation due to dredging,
natural sediment transport process, and phytoplankton may affect seagrass. However, none of
these analyses provide information about how seagrasses interact with other (non-light)

components of their physical and chemical environment.

Although light is probably the major factor affecting seagrass distribution (Onuf, 1996) in Laguna
Madre, other secondary factors including nutrient limitation and sulfide toxicity may effect overall
seagrass "health". In some areas of Lower Laguna Madre, seagrass growth may be limited by
sediment porewater NH," concentration (Lee and Dunton, 1999 ). Even though sulfides rarely
reach toxic concentrations in Laguna Madre seagrass beds, this phenomenon has been observed in
Florida Bay 7. testudinum populations (Carlson et al, 1992). Kuhn (1992) developed empirical
relationships among seagrass growth, NH4" uptake, and sulfide toxicity in the sediments and used
them to estimate the response of the seagrass to changing environmental conditions. The accuracy
of this approach, however, is hampered by the large natural variation found in estuarine seagrass
and sediment geochemical parameters (see Chapters I, VI, and VII). Modelling seagrass
physiology therefore requires better descriptions of both the plants’ biology and the

biogeochemical environment.

The goal of this analysis was to bridge the gap between the biomass model developed for Chapter |
and the sediment geochemistry model described in Chapter III. For this purpose, the model
provides a description of carbon and nitrogen allocation within the seagrass and details their

interaction with the water-column and sediment environment. Our specific objectives were to




develop an inverse model of carbon and nitrogen flow through the seagrass Thalassia testudinum

and to provide a data set for the parameterization of the production models.

Methods

The analysis is comprised of an inverse (optimization) model that describes carbon (C) and
nitrogen (N) flows within the seagrass (e.g., leaf, short-shoot, and root-rhizome) and between the
seagrass and its environment (e.g., production, excretion, and detritus). Tracer analysis was
conducted using the carbon flow network from the inverse model and Wetzel and Penhale's (1979)
Thalassia tracer data to estimate the size of exchangeable C pools in the seagrass leaf, short-shoot

and root/rhizomes. This analysis calculates the accumulation rates of the tracer in various sediment

geochemical pools.

Inverse Modeling Method
The power of an inverse analysis is its ability to include constraints when describing a biological
system. Combining a set of linear equations describing pathways within the seagrass plant
system, inequalities containing physiological information and data, and an objective function that
can be minimized (i.e., a norm), produces a solution that reasonably defines the energy and
nutrient relationships in the plant. As in any linear system, all mass flows must sum to zero (i.e.,
the system must balance mass). In the model, the requirement that flows entering and leaving a
seagrass compartment balance was expressed as a linear equation involving the relevant flows
while the requirement that all compartments balance was expressed as a system of linear
equations. Measured fluxes were expressed using equations in which the relevant fluxes equal
the measured values. All of these equality relationships were combined into a matrix equation of
the form
Ax=b (D

where x was the vector of all the flows, b was thei vector of all the constants, usually data values,

and 4 was a matrix of coefficients describing the equations.




Historical information about respiration, growth efficiency, and C/N ratios were expressed as a
combination of fluxes occurring over a range of values. The system of such inequality
relationships can then be expressed in matrix form as

Gx=>h (2)
where s was the vector of all constants and G was a matrix of coefficients describing the

inequalities.

Solving the inverse-problem
When there are n components of x and A4 has rank k<n, the inverse technique was used to solve for
the minimum Euclidean length of flow vector x that satisfies Eq. 1 subject to Eq.2. The problem
was solved in stages. First the model uses a singular value decomposition (SVD) routine to solve
for the minimum length vector x0 consistent with Eq. 1. This result was expressed in terms of a set
of k basis vectors, yo, which span the subspace for which 4 y0 = 0. The SVD decomposition also
returns the basis vectors for the null space, the space consisting of all vectors for which 4 y = 0.
Because of this property, they can be added to x0 to form a new x which was no longer the
minimum length but which still satisfied Eq. 1. The two sets of vectors completely described any
x. The null space basis vectors, suitably transformed, were used to find the smallest additional
length which yielded a solution that satisfied Eq. 2. When combined with x0, they form the
shortest vector which satisfied Eqs. 1 and 2. Vezina and Platt (1988) provide a more complete

description of these calculations.

Model structure
Primary production (photosynthetic carbon fixation) provided all the energy resources for the
seagrass which were then partitioned in the analysis to leaf, short shoot, and root/rhizome material.
Short shoot refers to the vertical rhizome (stem) connecting the leaves with the roots and horizontal
rhizome. For convenience and because of the relative paucity of data, roots and rhizomes were
combined into a single root/rhizome compartment for this analysis. The result was a description of
seagrass physiology, specifically carbon and nitrogen resource partitioning, sorted by important
above- and below-ground structures. Interactions between seagrass compartments were described

by the rates of material flows between them and by the nitrogen and carbon relationships implicit




in these flows. Carbon flows can be thought of as surrogates for energy flows: organic nitrogen
flows can be considered surrogates for the nutritional aspects of seagrass material (sensu Eldridge
and Jackson, 1993). The set of all flows is a vector which was solved using the inverse technique
(see above). Biomass and scalar flows used as the model inputs were provided by direct

measurements and from the literature.

Assumptions of the Model
We made several simplifying assumptions for this analysis. Ammonium (NH4") is the only form of
dissolve inorganic nitrogen (DIN) assimilated and this occurs exclusively through the root/rhizome
compartment. Extensive research has shown that seagrasses preferentially assimilate ammonium
over other nitrogenous compounds (Short 1980, Lee and Dunton 1999). We assumed that short
shoot tissue was non-photosynthetic. Further, no respiration or excretion occurred through the
short shoot compartment but was instead incorporated into the results for the root/rhizome
compartment. Available data were generally partitioned between photosynthetic and non-
photosynthetic tissue making the partitioning of respiration and excretion somewhat arbitrary.
Allometric constraints based on the relative size of the short shoot and root/rhizome compartments
and temperature (Vezina and Platt, 1988) could have been used to partition these flows but the
authors felt uncomfortable with this approach because of the high concentration of storage tissue in

these structures.

Optimization Model
The analysis shown here describes Thalassia testudimum only during the summer months (May-
Sept.). The optimization analysis provides a snap-shot of material flows within a seagrass plant,
which can be used to help parameterize the production models. Since temperature and light have a
strong effect on both the physiology of the seagrass and diagenetic processes in sediments, we had
to select a time of year for the analysis during which the seagrass physiology would remain
reasonably constant and during which sedimeint diagenetic processes would be most active.
Diagenesis refers to changes in the chemical composition of sediments after deposition (sensu

Schlesinger 1991).




Data inputs and sources

The natural variation in seagrass biomass measurements and flux rates is large even in comparison
to other marine biological systems e.g., benthic and pelagic food webs (Jackson and Eldridge,
1992; Eldridge and Jackson, 1993). Because it is a constrained optimization, the inverse analysis is
uniquely able to incorporate data ranges. The data consisted of biomass measurements, O,
evolution rates, respiration rates, and various tissue growth and turnover rates collected in Lower
Laguna Madre (Table 1). All data was converted to consistent units (mmol-C or -N m™? d) using
simple arithmetic relationships between biomass and specific rates and turnover times (Table 2).
Quantitative measures of tissue C:N ratios were used in the conversions (Chapter VI), where
appropriate. We assume a 1 to 1 stoichiometry for O, to C conversion. Bounded ranges of data
used in the model were either the actual range of data or the means + standard deviation (SD) as
defined in Table 1. We used the mean value for the C:N ratio of young leaf biomass (Table 5,
Chapter VI) and; the excreted DOM from leaf and root/rhizome. There was no variation in the
C:N ratio for young leaves (Chapter VI) and the variation in DOM excretion was not reported

(Wetzel and Penhale, 1979).
Model Formulation

As discussed above, at steady state, the sum of all flows into a compartment equals the sum of the
flow out of that compartment. When growth or death is included in the model, actual growth or
death rate of each seagrass compartment must be added to the appropriate equations. In this way
the analysis is translated into a growth model while still meeting the assumptions of the steady
state system. Furthermore, since the plant assimilates carbon and nitrogen at a known ratio, fixed

C:N ratios for flows can then be expressed using linear equations.

Model flows were related to each other and to biomass through physiological relationships based
on data from this project and from the literature. These relationships exist as bounded ranges and

were expressed using inequality relationships (Tables 3 & 4).
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Table 1. Data used to model Thalassia testudinum during the summer (May through September)
in Lower Laguna Madre. Data includes either mean £SE or range of data. Number of replicates
(n) for each measurement and the source are also reported. We converted SE to SD to develop the
constraint relationships (Table 4). Reference numbers are (1) Herzka & Dunton , 1997; (2)
Chapter 6 this report; (3) Lee & Dunton, 1999; (4) Kaldy, 1997; (5) Vermaat et al., 1995; (6)

Opsahl and Benner 1993.

Parameter Values n | Reference
primary production (umol O3 gdw'! hr'') 208 to 270 4-51 1
range of above ground biomass (g m?) 129+13.7 512
range of below-ground biomass (g m?) 581+122 512
range of root biomass (g m™) 79.98+9.83 512
wt % carbon in above ground biomass 36.2+3.4 12 | 2
wt % nitrogen in above ground biomass 1.78+0.34 121 2
wt % carbon in below-ground biomass 35.9+0.66 121 2
wt % nitrogen in below-ground biomass 0.77+0.13 12 | 2
wt % carbon in young leaf biomass 37.83+2.09 313
wt % nitrogen in young leaf biomass 2.16+0.11 313
wt % carbon in mature leaf biomass 37.81+2.16 313
wt % nitrogen in mature leaf biomass 2.10+0.08 313
wt % carbon in old leaf biomass 33.76+2.49 313
wt % nitrogen in old leaf biomass 1.124+0.13 313
NH,4" uptake in leaf material p mol gdw™' hr! 2.5% 1|3
NO5 uptake in leaf material p mol gdw™ hr’! 1.0* 1|3
NH," uptake in below-ground material 5.0* 1|3
p mol gdw™! hr!

leaf turn-over time (d™) 0.015t0 0.025| 10 | 4
short shoot turn-over time (yr) 2-3 4
short shoot growth (nodes yr'h 10to 16 4
biomass per short shoot node 3.2 4&5
(mg dry wt node™)

above ground net production gC m? mo™ 23.0+5.3 514
below-ground net production gC m” mo™ 14.2+1.7 514
range of respiration for leaf material 26.0 to 34.7 4-51 1
(gdw hr)

range of respiration for root/thizome material 3.7t04.7 4-51 1
(gdw hr')

dissolved organic carbon (DOC) released as a 1 2-81 6
percent of gross primary production to leaf

DOC released as a percent of gross primary 8 2-8] 6
production to root/rhizome

* N uptake rates were conducted in September 1997. Ambient concentrations in the water column
were 1.5 pM-NH," and 1.0 pM-NO;". Sediment porewater concentration was 35 pM- NH,".
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Table 2. Data ranges converted to model units (mmol-C m? d"), that were used to develop the
model constraints system. Production gains represent the movement of carbon from one biological

pool into another. Respiration losses represent loss of carbon as a result of detrital sloughing or
respiratory processes.

Production gains value Respiration losses value
Gross production, min  Cgp;,=288.1 Leaf loss to detritus, min Clfl;,;=48.1
Gross production, max Cgpni=462.8 ' Leaf loss to detritus, max Clfl=77.5
Leaf production, min Clfpi,=49.1 Leaf loss to resp., min Clfr,=65.1
Leaf production, max  Clfpn=78.6 Leaf loss to resp., max Clfry,=119.6
Short shoot prod, min  Csspj, =0.2 Root/rhiz to detritus, min  Crrli, = 12.3
Short shoot prod, max  Csspy; =0.36 Root/rhiz to detritus, max Crrly; =29.4
Root/rhiz prod, min Crrpi,=34.0 Root/rhiz resp., min Crrr,=40.82
Root/rhiz prod, max Crrpni=44.9 Root/rhiz resp., max Crrryi=79.41
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Table 3. Equations of mass balance for the different model compartments. Carbon and nitrogen
flow are designated with C and N followed by a descriptor of the source and sink. Example —
Cgp,If is primary production allocated to leaf materials. Subscripts are as follows: If = leaf, ss =
short shoot, rr = root/rhizome, gp = gross production, co = respiration, de = detritus, gr = growth,
do = dissolved organic carbon.

Model structure

Leaf (If) Cgp If—Clf,ss—Clf,co-Clf,de—Clf,gr—Clf,do+Css,If =0
Short shoot (ss) Clf,ss + Crr,ss— Css,rr — Css,If — Css,de —Css,gr =0
Root/rhizome (rr) Css,rr —Crr,ss —Crr,co —Crr,do - Crr,If —Crr,de —Crr,gr =0
Leaf (If) Nss,If - NIf,ss—NIf,do—NIf,de —NIif,gr =0
Short shoot (ss) NiIf,ss + Nrr,ss —Nss,If —Nss,rr—Nss,de —Nss,gr =()
Root/rhizome (1) Nnh,rr +Nss,rr —Nrr,ss—Nrr,do —~Nrr,de —Nrr,gr =0

Data equations

Leaf DOM release 0.01Cgp - Clf,do =0
Root/rhizome DOM release  0.08Cgp - Crr,do =0
C:N leaf growth Clf,gr - Rjoy Nlfgr =0
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Table 4. Description of the constraint system used for the model of carbon and nitrogen allocation
in Thalassia testudinum. Nomenclature is as described in Table 3. Note that because there was
essentially no variation in the measured C:N ratio of young leaf material we used an equation
(Table 3) to mandate this C:N relationship instead of using a set of constraints.

1. gross Prod., min Cgp,lf - Cgpyo >0
2. gross Prod., max -Cgp,If + Cgpp; >0
3. leaf growth, min Clf,gr — Clf,de — Clfpj, >0
4. leaf growth, max -Clf,gr + Clf,de +Clfpy; >0
5. short shoot growth, min Css,gr — Crr,de — Csspyo >0
6. short shoot growth, max -Css,gr + Crr,de + Csspp; >0
7. root/rhizome growth, min Crr,gr — Crrpyo >0
8. root/rhizome growth, max -Crr,gr + Crrpp; 20
9. leaf detritus, min Clf,de — Clfl, >0
10. leaf detritus, max -Clf,de + Clfly; >0
11.  root/rhizome detritus, min Crr,de — Crrljo >0
12. root/rhizome detritus, max -Crr,gr + Crrly; 20
13. leaf respiration, min Clf,co — Clfry, >0
14. leaf respiration, max -Clf,co + Clfry; >0
15. root/rhiz respiration, min Clf,co — Crrrjo 20
16.  root/rhiz respiration, max -Crr,co + Crrry; >0
17.  C:N root/rhiz growth, min Crr,gr - Rigp Nrr,gr >0
18. C:N root/rhiz growth, max -Crr,gr + Rpjp Nrr,gr >0
19. C:N transfer, min Clf,rr - Rjop Nifrr 20
20.  C:N transfer, max -Clf,;rr + Ry;p Nifjrr >0
21. C:N leaf excret, min Clf,do - Rjpa Nif,do >0
22.  C:N leaf excret, max -Clf,do + Ry, Nif,do >0
23. C:N root/rhiz excret, min Crr,do - Rygp Nrr,do >0
24, C:N root/rhiz excret, max -Crr,do + Ry, Nrr,do >0
25.  C:N leaf detritus, min Clf,de - Rjoq Nlf,de >0
26. C:N leaf detritus, max -Clf,de + Ry;q Nif,de >0
27. C:N root/rhiz detritus, min Crr,de - Rjop Nrr,de =0
28. C:N root/rhiz detritus, max -Crr,de + Ry;p Nrr,de >0
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Inverse Analysis for Thalassia

We solved the inverse problem with a procedure that minimizes the sum of the squares of the
results vector (norm-2) in a way that is consistent with our set of equations and constraint
relationships (Haskell and Hanson, 1981). As nitrogen flows are smaller than those of carbon,
the technique preferentially decreased carbon flows while it increases those of nitrogen even
though each is in the same units (Eldridge and Jackson, 1993). Therefore the nitrogen flows
were normalized to C-equivalents using a multipliication factor of 12. Earlier pelagic and benthic
food web analyses used the Molar Redfield ratio (6.6) (Jackson and Eldridge, 1992; Eldridge and
Jackson, 1993), but the higher average C:N of seagrass (Table 1) material requires a larger factor.
The result of the procedure is a flow vector with the minimum Euclidean length that satisfies the
equations (Table 3) subject to the constraints specified by the inequalities (Table 4). We used

Matlab from Mathworks to solve the analysis.

Simulated tracer analysis
The flows out of a compartment can be expressed as the compartment biomass times a kinetic
rate constant. This constant can be used to calculate the rate at which a simulated tracer moves
through the various seagrass structures (e.g., leaf, shoot, root/rhizome). We calculated kinetic
rate constants for those compartments where biomass values existed using flows derived from
the inverse model and biomass measurements from Chapter VI and Kaldy (1997). Morse
(Chapter VII) provides sediment geochemical measurements for this analysis. Because all these
measurements were taken from the same site (LLM-2) during one study, we have a consistent set
of data for this analysis. Wetzel and Penhale (1979) provide "*C tracer accumulation data for
Thalassia. This information is very useful for the determination of exchangeable pool size
within each seagrass structure. Seagrass structures are composed of tissue specialized for
transport, structure, and storage. Each of these tissues exchange C with other tissues at different
rates and the total rate of exchange may be determined predominately by a few tissue types (e.g.,
a transport tissue). Thus, the exchange rate becomes a function of specific tissue biomass and

not the total biomass of a compartment. Given the accumulation rates of a few compartments
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(Wetzel and Penhale, 1979) and the inverse analysis, we can estimate both the size of the

exchangeable pools in each tissue and tracer accumulation rates in other pools.

The tracer model was conducted to simulate the movement of a °C tracer added to an incubation
chamber of the type typically used to measure in situ photosynthesis (Dunton and Tomasko,
1994). The chamber is clear acrylic, has a volume of 5 1 and covers 113 cm? (12 cm diameter) of
a Thalassia bed. The dissolved inorganic carbon concentration ([DIC]) was 2.3 mM and we
assumed that all DIC uptake was by Thalassia. This assumption is reasonable because the water
column is net heterotrophic (Ziegler and Benner 1999) and epiphyte biomass is typically <5 mg
epiphytes sht” (Kowalski unpub. data). The biomass in each compartment was incrementally
reduced by an integer factor until 7% and 2% of the tracer resides in the leaf and root/rhizomes
respectively ( 6.9 and 1.7 % respectively in Wetzel and Penhale, 1979) after 8 hrs. This provided
the model calibration to known data and provided estimates of the "exchangeable pool" size.

The model was then run for 20 days.

Results and Discussion

An aspect of seagrass ecology that is often neglected in seagrass models is the community
response to changes in seagrass production. The seagrass community may extend beyond the
confines of the seagrass bed itself. Benthic infauna and epi-fauna in and adjacent to seagrass
depend on seagrass litter and particulate detritus for food (Thayer et al., 1984; Zieman and
Zieman, 1989; Phillips, 1984) while red drum fisheries expropriate these organism for their
needs (Rooker et al 1997). Although the direct contribution of seagrass detritus to secondary
production (directly or indirectly) has not been quantified (Wetzel 1977), it is certain that much

of the fisheries in Laguna Madre is dependent in part on seagrass production (Hoss and Thayer,

1993).
Carbon allocation

The inverse optimization technique provided a set of flows that was consistent with the lowest

allowable primary productivity i.e., Gpg= 288.16 (Table 5). The relatively few feasible
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